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PERSPECTIVES 


417. Subversion from the Sidelines 
N. Argarwal and W. R. Bishai 
>> Report p. 466 

418 — Drylands in the Earth System 
D. S. Schimel 
>> Report p. 451 

419 Amoeba-Inspired Network Design 
W. Marwan 
>> Report p. 439 

420 And Then There Were None? 
R. G. Roberts and B. W. Brook 

422 Adjusting the Solar System’s 
Absolute Clock 
J. N. Connelly 
>> Report p. 449 

423 — Epitaxial Growth Writ Large 


T. L. Einstein and T. J. Stasevich 
>> Report p. 445 


RESEARCH ARTICLE 
425 The Genetic Landscape of a Cell 


M. Costanzo et al. 


A genome-wide interaction map of yeast 
identifies genetic interactions, networks, 
and function. 
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Hurricane Ike caused extensive damage throughout the 
Caribbean and Gulf of Mexico regions in September 2008, 
as shown here at Pinar del Rio in western Cuba. A state-of-the-art 
computer model projects that global warming should cause an 
increase in the frequency of the most intense western Atlantic 
hurricanes, like Ike, during the 21st century. See page 454. 
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Formation of lapetus’ Extreme Albedo 
Dichotomy by Exogenically Triggered 
Thermal Ice Migration 

J. R. Spencer and T. Denk 


lapetus: Unique Surface Properties 
and a Global Color Dichotomy 

from Cassini Imaging 

T. Denk et al. 

Thermal migration of water ice explains 
the observed color asymmetry of Saturn's 
unusual moon, lapetus. 


Rules for Biologically Inspired 

Adaptive Network Design 

A. Tero et al. 

Human municipal transportation engineers 
might learn design strategies from the 
lowly slime mold. 

>> Perspective p. 419 


Measurement of Universal 
Thermodynamic Functions 
for a Unitary Fermi Gas 
M. Horikoshi et al. 


Cold Fermi gases are used to study 
resonant fermion-fermion interactions. 


Direct Measurements of Island Growth 

and Step-Edge Barriers in 

Colloidal Epitaxy 

R. Ganapathy et al. 

Multilayer film deposition and the templating 
of colloidal particles exhibit growth kinetics 
analogous to epitaxial growth. 

>> Perspective p. 423 


2384y/235YJ Variations in Meteorites: 
Extant 247Cm and Implications for 
Pb-Pb Dating 

G. A. Brennecka et al. 

Variable abundances of meteorite isotopes 
may require correcting the lead-based age 
of the solar system by 5 million years. 

>> Perspective p. 422 


Contribution of Semi-Arid Forests 
to the Climate System 

E. Rotenberg and D. Yakir 

Semi-arid forests could cool climate 
by sequestering CO,, but could also 
warm it by reducing Earth’s albedo. 
>> Perspective p. 418 
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Modeled Impact of Anthropogenic 
Warming on the Frequency of In- 
tense Atlantic Hurricanes 

M. A. Bender et al. 

Global warming may increase the 
frequency of intense hurricanes in 
the western Atlantic region during 
the 21st century. 

>> News story p. 399; Science Podcast 


Requirement of Prorenin Receptor 

and Vacuolar Ht-ATPase—Mediated 
Acidification for Wnt Signaling 

C.-M. Cruciat et al. 

A dual-function protein acts as an adaptor in 
a major developmental signaling pathway. 


Identification of RACK1 and Protein 
Kinase Co as Integral Components 
of the Mammalian Circadian Clock 
M. S. Robles et al. 

Rhythmic activation of signaling occurs 
by core components of the biological 
clock mechanism. 


Tuberculous Granuloma Induction 

via Interaction of a Bacterial Secreted 
Protein with Host Epithelium 

H. E. Volkman et al. 

Epithelial cells play a role in tubercular 
granuloma formation and mycobacterial 
virulence. 

>> Perspective p. 417 


Evolution of MRSA During Hospital 
Transmission and Intercontinental Spread 
S. R. Harris et al. 

By tracing the microevolution of a pathogen, 
high-throughput genomics reveals person- 
to-person transmission events. 


Impact of Spikelets on Hippocampal 
CA1 Pyramidal Cell Activity During 
Spatial Exploration 

J. Epsztein et al. 

Bursts of small voltage spikes coordinate 
neuron firing in the brain during spatial 
exploration. 
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Repulsion of Superinfecting Virions: 

A Mechanism for Rapid Virus Spread 

V. Doceul et al. 

Early in infection, vaccinia virus exploits the actin 
cytoskeleton to promote rapid cell-to-cell spread. 
10.1126/science.1183173 

>> Science Podcast 


The Lmo2 Oncogene Initiates Leukemia 

in Mice by Inducing Thymocyte Self-Renewal 
M. P. McCormack et al. 

Expression of an oncogene confers self-renewal 
activity to committed T cells in the thymus long 
before disease onset. 

10.1126/science.1182378 


Climate-Modulated Channel Incision and 
Rupture History of the San Andreas Fault 
in the Carrizo Plain 

L. Grant Ludwig et al. 
10.1126/science.1182837 


Slip in the 1857 and Earlier Large Earthquakes 
Along the Carrizo Plain, San Andreas Fault 

O. Zielke et al. 

The historical behavior of the San Andreas fault 
may have been dominated by smaller, more frequent 
slip events. 

10.1126/science.1182781 
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Fish May Not Have Evolved Gills to Breathe 


New study suggests a surprising reason for adaptation. 


Radiocarbon Daters Tune Up Their Time Machine 
Researchers can now peer back 50,000 years 
with accuracy. 


Hang Christiaan Huygens! Here’s a Better 
Suspension Bridge 

They may be pretty, but simple swooping bridge 
cables are not the best design. 
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EDITORIAL GUIDE: Focus Issue—External and 
Internal Regulators of Immune Responses 
J. F Foley and N. R. Gough 


Host defense mechanisms are modulated by 
host-derived and pathogen-derived factors. 
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Generate Dendritic Cell Functional Plasticity 
K. Arima et al. 


The cytokine TSLP triggers distinct signals in dendritic 
cells that program aT helper 2 (T,,2)—-type response. 


RESEARCH ARTICLE: Attenuation of Rabies 
Virulence—Takeover by the Cytoplasmic 
Domain of Its Envelope Protein 

C. Préhaud et al. 

Survival of rabies virus-infected neurons depends 
on a single amino acid in the PDZ-binding site 

of a viral protein. 
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“Ub” the Judge 
S. M. Wuerzberger-Davis and S. Miyamoto 


IL-1B-dependent activation of NF-«B occurs 
in two distinct stages. 


REVIEW: What Is the Function of the Dendritic 
Cell Side of the Immunological Synapse? 
J. L. Rodriguez-Ferndndez et al. 


The immunological synapse organizes signaling 
responses in dendritic cells, as well as in T cells. 
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(IL-1) Pathway 
A. Weber et al. 


IL-1o and IL-1 orchestrate the proinflammatory 
response by multiple tightly controlled mechanisms. 


CONNECTIONS MAP OVERVIEW: Interleukin-1B 
(IL-1B) Processing Pathway 
A. Weber et al. 


The NALP3 inflammasome pathway controls 
processing and release of interleukin-18. 
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Quantitative Biomedical Careers 
S. Gaidos 


Physicists and mathematicians are finding new ways 
to apply quantitative skills to biomedical sciences. 


Informatics Careers Take Shape in 
Translational and Clinical Research 
B. Vastag 


Electronic patient data and research repositories 
mean new opportunities in medical informatics. 


Statistics Serving Biomedicine 
E. Pain 
Spanish statistician David Rossell supports other 


biomedical scientists while pursuing his own 
research. 
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lapetus Revealed 


The striking appearance of Saturn’s moon 
lapetus—half black and half white—has puz- 
zled astronomers for over three centuries. Now 
Spencer and Denk (p. 432, published online 
10 December) present an explanation for this 
asymmetry: A thermally controlled runaway 
migration of water ice triggered by exogenic 
deposition of dark material on the moon’s 
leading darker side, which faces the direction 
of motion of the moon in its orbit around 
Saturn. This mechanism is unique to lapetus 
because it rotates slowly enough to allow large 
temperature variations to arise, it is small 
enough to allow long-range migration of 
water, and there is a source of dust to trigger 
the process. In a related paper, Denk et al. 

(p. 435, published online 10 December) pre- 
sent data derived from the Cassini Imaging Sci- 
ence Subsystem that reveal that both dark and 
bright materials on the leading side of lapetus 
are redder than their trailing-side counterparts. 
This asymmetry results from the deposition of 
dust and debris from other moons in the sat- 
urnian system—the very same process that ini- 
tiates the thermal segregation proposed above. 


Miniature Transport 
Engineers 


In its vegetative phase, the slime mold Phy- 
sarum polycephalum “slimes” its way through 
the world seeking food. As it explores, it links 
previously found food sources with tubular 
structures. Tero et al. (p. 439) report that if food 
sources are deposited on a plate in a pattern cor- 
responding in miniature to the positions of the 
cities that surround Tokyo, the resulting network 
of Physarum tubules that develops is rather sim- 
ilar in structure to the railroad network that 
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<< Making Connections 


Genetic interaction profiles highlight cross-connections 
between bioprocesses, providing a global view of cellular 
pleiotropy, and enable the prediction of genetic network 
hubs. Costanzo et al. (p. 425) performed a pairwise fit- 
ness screen covering approximately one-third of all poten- 
tial genetic interactions in yeast, examining 5.4 million 
gene-gene pairs and generating quantitative profiles for 
~75% of the genome. Of the pairwise interactions tested, 
about 3% of the genes investigated interact under the condi- 
tions tested. On the basis of these data, a reference map for the 


connects the Japanese cities. A model was pro- 
duced that describes the adaptive network devel- 
opment displayed by the slime mold. This bio- 
logically inspired model might provide insight 
into how to implement properties like resistance 
of transport systems to local failures into similar 
human-designed systems. 


Colloids as Models 


Colloids are often used as analogs for atoms in 
order to study crystallization kinetics or glassy 
dynamics using particles that are much easier to 
observe and that move on much 
slower time scales. 
Ganapathy et al. 
(p. 445; see the 
Perspective by 
Einstein and 
Stasevich) consider 
whether the analo- 
gous behavior extends 
to the growth of epitax- 
ial films, a technique that is used in manufactur- 
ing. Controlling the rate of addition of the col- 
loidal particles allowed the mapping of diffu- 
sional pathways during film nucleation and 
growth on a patterned substrate. The same rela- 
tionships used to describe atomistic growth could 
be applied to the colloidal systems, but certain 
growth barriers such as those found at step edges 
and corners were controlled by diffusion rather 
than energetics. 


Dissecting Fermion 
Interactions 


Electrons, protons, and other building blocks of 
our universe belong to a class of particles we 
call fermions. Different interfermion inter- 


yeast genetic network was created. 


actions give rise to different forms of matter. In 
the strongly interacting resonant regime, how- 
ever, fermionic systems have thermodynamic 
properties that depend only on the interparticle 
spacing and scaled temperature. Horikoshi 
et al. (p. 442; see the Perspective by Marwan) 
precisely characterize the thermodynamics in 
this universal regime for a system of ultracold 
fermionic lithium atoms. Analysis of a large 
number of trapped-gas density profiles confirms 
that the results depend neither on trap geome- 
try nor the absolute temperature of the gas. The 
results are relevant to studies of all 
strongly interacting fermionic 
systems, including neutron stars 
and nuclear matter. 


How to 
Get a Date 


Radiometric dating relies on measur- 
ing the abundance of a radioactive isotope 
and/or its decay products. By knowing a decay 
rate and an isotopic starting abundance— 
both assumed to be constant—an age is 
determined. Using high-resolution mass spec- 
trometry, Brennecka et al. (p. 449, published 
online 31 December; see the Perspective by 
Connelly) show that the known starting abun- 
dance of *38U and 235U isotopes in meteorites, 
which decay into 2°°Pb and 2°’Pb, respectively, 
is actually quite variable. Trace amounts of 
247Cm in the early solar system may have 
unexpectedly contributed additional 225U, 
skewing the ratio. Pb-Pb dating, the method 
commonly used to date early solar system 
materials, may thus need a correction of up 
to 5 million years. 
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Stormy Weather 


One of the most active questions about the effects of global warming is whether, and how, it might 
affect the frequency and the strength of hurricanes. Some studies have suggested that warming will 
bring fewer, and less energetic, hurricanes, while others have claimed that we can expect more 
intense storms. Bender et al. (p. 454; see the news story by Kerr) explore the influence of global 
warming on hurricane dynamics over the Atlantic Ocean with a state-of-the-art hurricane prediction 
model. The model predicts that the annual total number of hurricanes in the 21st century will be less 
than now, but also that the number of the most intense storms per year will increase. The largest 
increase of the most intense hurricane frequency is predicted in the western Atlantic, which suggests 
that Hispaniola, the Bahamas, and the Southeast coast of the United States could be at greater risk. 


Late-Running Clock Components 


Many mammalian cells contain a well-characterized biological clock with a 24-hour cycle. In the latter 
part of the day, transcription mediated by one of the clock components, the transcription factor made 
up of the CLOCK and BMAL1 proteins, is inhibited, but the mechanism of inhibition has been unclear. 
Robles et al. (p. 463) used mass spectrometry to identify proteins that RACK1 (receptor for activated 
C kinase—1), a scaffold protein that brings protein kinase C-co (PKCo ) into contact with its substrates, 
caused to be associated with BMAL1 at the time of day when its transcription-activating function was 
inhibited. Further studies implicated PKC and RACK1 as integral components of the clock, without 
which the clock’s free-running period was shortened. 


Space and Spikelets 


In neurons, spikelets are voltage fluctuations of small amplitude 
with a spike-like waveform. Spikelets are difficult to detect with 
extracellular techniques traditionally used to record neuronal 
activity in freely moving animals. Epsztein et al. (p. 474) used 
head-anchored whole-cell recordings to analyze spikelet activity 
during spatial exploration in freely moving rats. A high inci- 
dence of spikelets was often followed by action potentials. Like 
action potentials, spikelets were all-or-none, but had different 
kinetics and amplitude, and were clearly distinct from excitatory 
postsynaptic potentials and occurred to a different extent in different cells. In cells with clear place 
fields, spikelets had similar spatial firing preferences, as did regular action potentials. Thus, spa- 
tially modulated spikelets may be involved in information processing in cortical neuronal networks. 


Garnering Information on Granulomas 


In tuberculosis, the tuberculous granuloma has been viewed traditionally as a host-protective struc- 
ture that serves to “wall off” mycobacteria. However, recent work in the zebrafish embryo showed that 
mycobacteria convert the nascent granuloma into a vehicle for bacterial expansion and dissemina- 
tion. Thus, intercepting granuloma formation could provide a strategy for treating tuberculosis, an 
urgent public health goal in light of the epidemic of extensively drug-resistant tuberculosis. Now 
Volkman et al. (p. 466, published online 10 December; see the Perspective by Agarwal and Bishai) 
present the molecular pathway by which mycobacteria induce granulomas in zebrafish. Inhibition of 
this pathway attenuates infection by reducing granuloma formation, suggesting a therapeutic target 
for tuberculosis treatment. 


MRSA, Close and Personal 


Methods for differentiating pathogen isolates are essential for understanding their evolution and 
spread, as well as for the formulation of effective clinical strategies. Current typing methods for bac- 
terial pathogens focus on a limited set of characteristics providing data with limited resolving power. 
Harris et al. (p. 469) used a high-throughput genome sequencing approach to show that isolates of 
methicillin-resistant Staphylococcus aureus (MRSA) are precisely differentiated into a global geo- 
graphic structure. The findings suggest that intercontinental transmission has occurred for nearly 
four decades. The method could also detect individual person-to-person transmission events of MRSA 
within a hospital environment. 
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Improving Access to Research 


UNLESS YOU SIT ON YOUR INSTITUTION'S LIBRARY ADVISORY COMMITTEE, A PROFESSIONAL SOCIETY'S 
publications committee, or a journal editorial board, you may have paid only passing attention to 
the debate over public access to scientific research, which has been swirling through these commu- 
nities ever since science journals started publishing online 15 years ago. That is about to change. 
Last week, the U.S. House Science and Technology Committee’s Roundtable on Scholarly Pub- 
lishing (on which we served along with 10 others) released a report* arguing that journal articles 
derived from federal research funding should be made publicly available as quickly as practica- 
ble—generally in a year or less after publication—and in ways that will improve scholarship by 
maximizing the scope for interoperability across articles, among disciplines, and internationally. 
Currently, there is no consistency regarding which version of an article is freely available. In con- 
trast, the roundtable’s report recommends that access policies aim toward making the “Version 
of Record” (the final version of an article in its published form) publicly 
available. And the report also asserts that any successful scheme for pub- 
lic access must provide methods for permanent public access. 

The scholarly communications enterprise resembles a global eco- 
system, comprising a complex interdependent web of relationships. 
This enterprise is subject to a remarkable pace of change in its under- 
pinning technologies, so that the notion of what constitutes an article, 
how it is structured, and where and how it is read continues to evolve 
very rapidly, in the same sort of way as your 2-year-old cell phone 
no longer quite meets your needs. The report therefore eschews pre- 
scriptive solutions to achieve public access, and it favors no particu- 
lar business model. Instead, it focuses on principles to guide federal 
policy and practice going forward, in particular the critical role of peer 
review, the need for continued engagement among stakeholders, and 
the importance of fostering innovation. 

Most notably, to replace the recent heated discourse marked by anger and ideological hard 
lines, the report recommends a collaborative, nuanced, and flexible approach, believing that this 
will effectively and quickly achieve the goals of still broader access to a greater scope of scholarly 
literature. This is a centrist perspective, perhaps, but one that is progressive and reflective of what 
we see as an increasing convergence among the range of views regarding public access. 

So how will the goals of broader access and richer scholarship actually be achieved? The report 
calls for each U.S. funding agency to develop public access policies that make the best sense in 
each particular academic niche. Thus, for instance, an agency might choose to work with its stake- 
holder communities to provide robust public access to journal articles on publisher Web sites, 
rather than constructing and paying for a centrally operated repository. The report envisions a 
coordinating and guiding role for the U.S. Office of Science and Technology Policy, through the 
establishment of an advisory group including researchers, publishers, librarians, university admin- 
istrators, and the public. It also calls for the development of technological standards that would 
allow researchers and others to search across distributed networks of information sources, thereby 
facilitating discovery and the generation of new knowledge. 

What next? Clearly the progress of scholarship and electronic publishing and their extra- 
ordinary scientific and social benefits will require continuing adaptations by professional 
societies, libraries, funding agencies, governmental entities representing the public interest, 
and others. Despite the fact that 2 of our 14 committee members were unable to endorse the 
report in its entirety,* we are optimistic that broad middle grounds in the respective stake- 
holder communities will recognize the wisdom of the roundtable’s recommendations, and 
that the process of engagement through which they were developed represents a sensible and 
workable path toward an increasingly unfettered and useful body of knowledge. 

— Paul N. Courant, James J. O'Donnell, Ann Okerson, Crispin B. Taylor 


10.1126/science.1186933 


*http://science.house.gov/press/PRArticle.aspx? News|D=2710 


www.sciencemag.org SCIENCE VOL 327 22 JANUARY 2010 


393 


EDITORS CHOICE | 


EDITED BY GILBERT CHIN AND JAKE YESTON 


394 


MOLECULAR BIOLOGY 


Untranslated Regulators 


A variety of short noncoding RNA molecules—microRNAs, small interfering RNAs, and Piwi- 
interacting RNAs (piRNAs)—play regulatory roles in eukaryotes. Many piRNAs are derived 
from transposon-related sequences and, through complementary sequence interactions and 
a “ping-pong” amplification process, act to silence those selfish and potentially mutagenic 
elements in germline cells. 

However, Robine et al. show that a substantial population of piRNAs found in a Drosophila 
somatic ovarian cell line are in fact derived from a distinct subset of genes, and also that the 
bulk of these piRNAs arise directly from the 3’ untranslated regions (3’ UTRs) of the sense 
strands. This suggests that the complementary targets of these piRNAs may not be the 
parental transcripts. Ping-pong amplification is not required for the generation of these 3’ 
UTR piRNAs, nor does it appear as if they are aberrant products of the primary piRNA process- 
ing pathway. Furthermore, Saito et al. have found that the Drosophila gene traffic jam (tj) 
gives rise to 3’ UTR piRNAs and that one of its targets is the fasciclin I// gene transcript, and 
Robine et al. note that the subset of functional categories of mRNAs that gives rise to the 


3’ UTR piRNAs is broadly conserved between fruit flies and mice. — GR 
Curr. Biol. 19, 2066 (2009); Nature 461, 1296 (2009). 


PHYSICS 


Superfluids, such as “He below its transition tem- 
perature around 2 K, make for a great science 
demonstration: They flow without viscosity 
through tiny holes, creep up vertical walls, and 
refuse to boil. This last property arises because 
heat, which normally propagates by diffusion, 
travels through a superfluid following a wave 
equation (often referred to as the “second 
sound”), resulting in extremely high thermal 
conductivity. Meppelink et al. realize an analog 
of this phenomenon in a weakly interacting 


Bose-Einstein condensate of sodium atoms by 
physically separating the condensed (superfluid) 
from the thermal (normal) portion of the gas. 
They then cause out-of-phase oscillations of the 
two components during which the center of mass 
remains stationary, much as in the case of the 
second sound. The amplitude of these oscilla- 
tions is damped as the condensate passes 
through the thermal cloud, leading to energy 
exchange between the two (Landau damping). 
The damping rate is measured as a function of 
the temperature and confinement of the gas. In 
the collisionless regime (gas cloud size smaller 
than the mean free path), the Landau damping 


mechanism explains the results, whereas in the 
hydrodynamic regime the experiments suggest 
another, collision-dependent mechanism, which 
lacks a thorough theoretical description. — JS 
Phys. Rev. Lett. 103, 265301 (2009). 


CANCER 


Chromosomal translocations, whereby nonadja- 
cent regions of chromosomes are inappropriately 
joined, are a hallmark of several different types 
of cancer. They can result in the generation of 
fusion proteins that bypass normal control mech- 
anisms and can wreak havoc in cells. It has been 
assumed that translocation events occur ran- 
domly; whether more ordered processes are 
involved has been unclear. 

The androgen receptor is a transcription fac- 
tor that regulates gene expression during 
prostate development. Fusions between an 
androgen receptor target gene and genes encod- 
ing members of the ETS family of transcription 
factors place ETS proteins under the control of 
androgen and are associated with prostate can- 
cer. Using androgen-responsive prostate cells, 
Lin et al. could produce cancer-specific gene 
fusions by inducing genotoxic stress and adding 
androgen. The activation of the androgen recep- 
tor promoted encounters between physically sep- 
arate genes in the nuclei of prostate cells, and 
genotoxic stress induced double-stranded breaks 
in intronic regions of these genes. Furthermore, 
androgen and genotoxic stress recruited proteins 
involved in sensing DNA breaks and mediating 
chromosomal rearrangements. — HP 

Cell 139, 1069 (2009). 


CHEMISTRY 


Few marriages of analytical methods have been 
as successful as that of chromatography and 
mass spectrometry; 
together they can 
tease out the 
chemical composi- 
tion of extraordi- 
narily complex 
mixtures. A typical 
apparatus incorpo- 
rates a gas or liq- 
uid chromato- 
graph, in which 
analytes travel 
through a separa- 
tion column, and a 
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downstream detector where their masses are 
measured. An early, no-frills variant of chro- 
matography involved spotting samples on paper, 
an inexpensive and highly portable support 
medium. Wang et al. now show that this simple 
material can also be used as an ionization plat- 
form for introducing samples into mass spec- 
trometers. Samples such as blood are spotted on 
the paper, which is then cut to a sharp triangular 
point. The paper is wet with a methanol-water 
solution, and a high positive bias (4.5 kV) is 
applied to the paper relative to the 
nearby inlet of a tandem mass spectrom- 
etry under ambient conditions; the precise 
mechanism for ion release remains some- 
what unclear. The authors demonstrate the 
detection of drugs such as Gleevec in 
blood, as well as picogram quantities of 
cocaine swabbed from a surface. Chro- 
matographic methods can also be used to 
separate components in a sample along 
the paper, which can then be cut into sepa- 
rate pieces for further analysis. — PDS 
Angew. Chem. Int. Ed. 49, 
10.1002/anie.200906314 (2010). 


CLIMATE SCIENCE 
Model Behavior 


Most of what we believe about how climate will 
change in the future is based on projections 
made by sophisticated climate models. There are 
currently multiple highly complex mathematical 
representations of the climate system, and 
although most of them generally make similar 
predictions about the future course of climate, 
they differ significantly in many particulars. 
Because it is not normally clear which models’ 
scenarios are likely to be the most realistic, the 
question arises of which specific models to 
believe and why. Knutti et al. discuss some major 
sources of differences between models, how their 
predictive skill can be evaluated, and how confi- 
dence in their projections can be improved by 
combining the results of multiple models. As cli- 
mate models become more complex, and the 
amount of data from them increases, it becomes 
even more important to have quantitative meth- 
ods available through which to extract and syn- 
thesize information needed to guide climate pol- 
icy decisions. — HJS 

J. Clim. 10.1175/2009]CLI3361.1 (2009). 


BIOCHEMISTRY 
Uninhibited Mimicry 


Helicobacter pylori is a pathogen that causes 
gastric disease and is associated epidemiologi- 
cally with gastric cancer. This bacterium injects 
its protein CagA into epithelial cells lining the 
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stomach in order to disrupt cellular functions, 
and a domain of CagA that contains contiguous 
repeats acts to inhibit the PAR1-MARK family of 
protein serine-threonine kinases. 
NeSi¢ et al. describe the 2.2 A crystal struc- 
ture of the human kinase MARK2 in complex 
with a 120-residue repeat- 
containing subdomain of 
CagA. Unusually, the 
kinase adopts an 
active conformation 
even though there is 
no magnesium or ATP 
present, and a 14- 
residue CagA seg- 
ment was observed 
to occupy the 
MARK2 sub- 
strate-binding 
site. This pep- 
tide appeared 
to promote and 
stabilize the active 
conformation of MARK2 
by mimicking conserved fea- 
tures of the host substrates of this 
protein kinase family in a fashion reminiscent of 
the inhibition of the cAMP-dependent protein 
kinase by the endogenous peptide PKI. — VV 
Nat. Struct. Mol. Biol. 17, 130 (2010). 


BIOMEDICINE 
Calculating Unmeasurables 


In assessing an epidemic, it would be helpful to 
know how many people were being infected 
each day. The objective data, however, are more 
likely to reflect how many people either became 
ill or died on a given day, time-lagged tallies 
that represent subgroups of the total infected 
population. For latent infections that simmer for 
years before producing symptoms, such as HIV, 
or for acute infections where time to death is 
variable, derivations of the desired incidence 
curve can be uncertain. 

Goldstein et al. apply a mathematical 
method that was originally used for the pur- 
pose of extracting images from blur. Informa- 
tion about the time to death and the deaths 
per day was combined to calculate the inci- 
dence distribution, and the authors applied 
their approach to the influenza epidemic that 
struck Philadelphia in 1918. Their analysis 
suggests that in the few days between when 
the size of the epidemic became clear and 
when the city enacted closure of public gather- 
ing places, the spread of influenza was already 
being slowed significantly, probably by 
changes in individual behavior. — PJH 

Proc. Natl. Acad. Sci. U.S.A. 106, 21825 (2009). 
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Surprise in the Y 


The traditional thinking about the male 

Y chromosome is that it is a stagnant part of 
the genome. But the first comprehensive 
comparison of the Y chromosome in humans 
and chimpanzees shows that, in fact, it is a 
hot spot of evolution. 

Since sex chromosomes first evolved 
200 million years ago, the Y chromosomes have 
steadily lost genes, mainly retaining only those 
needed to determine sex and produce sperm. 
Because humans and chimps have a 98% 
genetic overlap, 
researchers assumed 
that their Y's should 
be nearly identical. 

But when geneti- 
cist David Page of 
the Massachusetts 
Institute of Technology 
in Cambridge and col- 
leagues sequenced the 
male-specific region of 
the Y (MSY) in chimpanzees (which comprises 
95% of the Y) and compared it with the human 
MSY, they got a big surprise: More than 30% of 
the DNA differs between the two species. 

This suggests that the Y has undergone 
“extraordinary” remodeling in the 6 million years 
since humans and chimpanzees split from a com- 
mon ancestor, says Page. The team found that the 
chimpanzee Y has lost many genes that are still 


Doggy OCD 


High-energy Doberman pinschers 
are a breed particularly susceptible 
to developing compulsive behav- 
iors—such as incessant licking of 
flanks or sucking on blankets. Now 
researchers have used Dobermans 
to make what Nicholas Dodman of 
Tufts University Cummings School 
of Veterinary Medicine in North 
Grafton, Massachusetts, calls “the first 
discovery of a really robust psychiatric gene.” 
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Watery King 
The panel at left depicts the 
Maya ruler Tajchanahk, or 
“Torch-Sky-Turtle,” seated 
on a water lily throne. The 
work, framed by a bub- 
bling stream and foliage, 
symbolizes the melding of 
Earth, sea, and cosmos, 
according to the Peabody 
Essex Museum in Salem, 
Massachusetts. The museum 

will feature 90 works on the 


theme of the sea in Maya spiritual life. The show, “Fiery Pool: The Maya and the Mythic 


Sea,” will open on 27 March. 


present in humans—which presumably makes 
humans closer to the common ancestor than 
chimps are. What's more, the chimpanzee MSY 
has acquired twice as many palindromes— 
blocks of DNA in which the sequence of 
nucleotides is a mirror image of the sequence 
on its complementary strand—as the human 
MSY has. These have led to even greater struc- 
tural changes in the chimp Y, the team reported 
online in Nature last week. 


Dodman and his colleagues say canine compulsive disorder (CCD)—analogous to human 
obsessive-compulsive disorder—is seen in 2% to 5% of dogs brought to the vet. The scientists 
did a genomewide association study of 94 Dobermans with CCD, compared with 73 healthy con- 
trols. They report in this month’s issue of Molecular Psychiatry a “highly significant” association 
with a mutation in neural cadherin-2, a gene involved in central nervous system development, on 
chromosome 7. Sixty percent of the highest-risk dogs had the mutation, almost three times the 
rate in the unaffected dogs. 

Dennis Murphy, a psychiatrist at the National Institute of Mental Health in Bethesda, Maryland, 
says an informal consortium of researchers plans to explore the gene further. “It gives us a specific 
target to look at for compulsive behaviors in humans,” he says. 
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The researchers suggest that one cause of 
these changes is the competitive advantage an 
animal gains by developing new genes for sperm 
production. In chimps in particular, many males 
mate with one fertile female, so natural selection 
favors those with more (or better) sperm. 

The discovery of so much variation in the 
Y chromosome is stunning researchers. “It’s 
really exciting; it’s totally well-documented; it’s 
really dramatic,” says population geneticist 
Andrew Clark of Cornell University. 


Foreign Brains Sticking 


Several prominent Chinese-born U.S. scientists 
have recently announced plans to return to their 
native country. But contrary to many reports, 
foreign Ph.D.s are not flocking home in droves, 
Michael Finn of the Oak Ridge Institute for 
Science and Education in Tennessee reports in 

a study prepared for 
the U.S. National 
Science Foundation. 
The study finds that 
2-year “stay rates” 
have hovered at 
about 70% for 

the past decade. 
Chinese and 
Indians, who make 
up the largest num- 
ber of foreign doc- 
toral students in 
the United States, 
have the highest 
Stay rates. 


Foreign nationals who stayed in U.S 
5 or 10 years after getting Ph.D. 


% 


Year degree awarded 


397 


398 


SEISMOLOGY 


Angling for 


radioastronomy’s 
big prize 


Foreshadowing Haiti's Catastrophe 


To seismologist William McCann, last week’s 
tragic earthquake in Haiti was a horror fore- 
seen. In 1979, he and a colleague had drawn 
up a global map titled “Seismic Potential of 
Major Plate Boundaries.” They coded the big 
fault zones by color—yellows and red denot- 
ing the highest probability of rupturing in a 
big quake. The island of Hispaniola—of 
which Haiti occupies the western end—was 
engulfed in red. 

““We were concerned because it’s been 
240 years since the last major earthquake” on 
the fault that just ruptured, says McCann, who 
is now an independent consultant with Earth 
Scientific Consultants in Westminster, 
Colorado. “Centuries have passed, and this 
area has been extremely quiet.” With the 
Caribbean tectonic plate to the south straining 
against the North American plate on the north, 
quiet was a bad sign. Stress had to be building, 
but no big quakes were relieving it. When a 
section of the plate boundary finally did 
rupture, it did so with devastating fury. 


When the east-west, San Andreas—like 
fault ruptured, tens of thousands likely per- 
ished in what may be the Western Hemi- 
sphere’s worst disaster in a century. Resi- 
dents of Port-au-Prince felt “very strong” 
shaking, according to early estimates by the 
U.S. Geological Survey. Yet at magnitude 
7.0, the quake barely qualified as “major.” So 
many people and buildings felt such strong 
shaking because the epicenter was only 
16 kilometers from a city of 2 million inhab- 
itants. And the rupture was shallow, extend- 
ing upward from a depth of about 10 kilo- 
meters. Earthquakes like the one that rocked 
Sumatra in 2004 break tens of kilometers 
down and are somewhat muffled as a result. 

By seismologists’ rule of thumb, that shak- 
ing meant “moderate potential damage” in 
Port-au-Prince, but such projections can’t take 
account of local conditions, note seismic engi- 
neers. The capital city is built on sediments, 
not bedrock, McCann says, so the whole val- 
ley would shake like a bow! of jelly. Haiti, the 


Rolling thunder, quiet, ... On Hispaniola, quakes were large and frequent in the 18th century but smaller 
in the late 20th century (year and magnitude in red, top; magnitude 6 quakes, larger squares, bottom). 


Google and 
China’s Internet 


poorest country in the Western Hemisphere, 
“lacks a reasonable building code” to help 
structures resist shaking, he says, and “has 
almost no enforcement” of what code it has. 

Last week’s quake ruptured only a part of 
the fault segment that broke in 1770 ina quake 
since estimated at magnitude 7.5, about five 
times more powerful. For all the damage it 
caused, “this quake is not really big,’ McCann 
says. Around Hispaniola, “they can get up to 
magnitude 8,” 32 times more powerful. That’s 
because the island—with the Dominican 
Republic occupying the eastern two-thirds 
and Puerto Rico and Cuba nearby—is caught 
in a tectonic fix. The clash of tectonic plates 
has been a messy business across Hispaniola. 
Rather than a single, clean plate boundary 
running east-west across the island, there are 
two parallel fault systems that are generating 
quakes with the “Hispaniola microplate” 
caught between them. 

This doubled plate boundary has pro- 
duced plenty of quakes, though not many big 
ones lately. For a 2001 meeting on seismic 
risk reduction in the Caribbean region, 
McCann compiled historical, geologic, and 
seismic records of quakes going back cen- 
turies, some dramatic. The magnitude 7.5 in 
1770—after which 30,000 people died of 
sickness and hunger—was something of an 
aftershock to the century’s main event, a mag- 
nitude 8.0 in 1751 along the southeastern 
coast where the Caribbean plate dives 
beneath the Dominican Republic rather than 
sliding by as it does in the west. Another mag- 
nitude 7.5 broke the central part of the south- 
ern fault system a few months later. Then in 
the 19th century, a magnitude 8.0 hit the north 
coast of Haiti on the northern fault system. 
The 20th century was far calmer. In the first 
half, four magnitude 7s hit the Dominican 
Republic’s north coast, but Haiti was disqui- 
etingly devoid of larger quakes throughout. 

“The last couple of generations have been 
lucky,” says McCann, but “we may be coming 
out of the quiet time we’ve had.” Stress is 
always building on a plate-bounding fault, but 
when that stress is released in a quake, it can 
transfer stress to its neighbors. That can push 
them to failing one after another, as seems to 
have happened in 1751. The faults of Hispan- 
iola may be coming out of their slumber, 
McCann warns, and it’s now only clearer what 
havoc they can wreak. 

—-RICHARD A. KERR 
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GLOBAL WARMING 


Models Foresee More-Intense Hurricanes in the Greenhouse 


Fewer but fiercer and more-destructive hurri- 
canes will sweep the Atlantic Basin in the 
21st century as climate change continues, a 
new modeling study by U.S. government 
researchers suggests. The results, reported on 
page 454, bear out tentative forecasts from 
earlier studies, although the researchers cau- 
tion that this is still far from the last word. 

“The models seem to be 
converging,” says tropical 
meteorologist James Kossin 
of the National Climate Data 
Center’s office at the Univer- 
sity of Wisconsin, Madison, 
who was not involved in the 
work. Plenty of uncertainties 
remain, Kossin notes, but 
compared with earlier stud- 
ies, this one “is more credi- 
ble; ... it’s important.” 

What makes the new 
study more realistic is its 
sharper picture of the atmos- 
phere. In low-resolution 
models such as global cli- 
mate models, the fuzzy ren- 
dition of the atmosphere 
can’t generate any hurri- 
canes, much less the intense 
ones that account for most of 
the damage hurricanes 
cause. The high-resolution 
models used by the U.S. 
National Weather Service to 
forecast hurricane growth 
and movement do produce a 
realistic mix of both weak 
and strong storms, but those models can’t sim- 
ulate global warming. 

So climate modeler Morris Bender of the 
National Oceanic and Atmospheric Adminis- 
tration’s Geophysical Fluid Dynamics Labo- 
ratory in Princeton, New Jersey, and his col- 
leagues used a technique sometimes called 
“double-downscaling.” The group started 
with the average of atmospheric and oceanic 
conditions forecast for the end of the century 
by 18 global climate models. They trans- 
ferred those averaged conditions into a North 
Atlantic regional model detailed enough to 
generate a realistic number of hurricanes, 


although still too sketchy to get their intensi- 
ties right. Finally, the team transferred the 
regional model’s storms to an even higher- 
resolution hurricane forecast model capable 
of simulating which ones would develop into 
category 3, 4, and 5 storms. 

The first downscaling showed an 18% 
decline in the total number of hurricanes. In 


Present Climate 


More big blows in the greenhouse. Computer simulation of the most intense hurricanes 
shows an increase from today (top) to a warmer world at the end of the century (bottom). 


the second downscaling, that decline in the 
number of storms was limited to moderate- 
strength storms. Category 4 and 5 storms, with 
maximum winds of 216 kilometers per hour 
and above, about doubled in frequency by the 
end of the century; the strongest storms, with 
winds of 234 kilometers per hour and above, 
more than tripled. The results generally 
matched those of earlier studies that took dif- 
ferent approaches to coping with limited reso- 
lution. They were also consistent with long- 
standing theory that as ocean temperatures 
rise, the additional water vapor driven into the 
atmosphere can both intensify existing storms 


and inhibit the formation of new storms. 

The group calculates that although the over- 
all number of hurricanes would decline in a 
warmer world, they would still cause more 
damage, according to the modeling. Category 3 
to 5 hurricanes have accounted for 86% of all 
US. damage despite constituting only 24% of 
US. landfalls, the group notes. That’s because 
when storms move up from 
one category to the next, the 
potential damage roughly 
doubles. The group finds that 
in the models, the increase in 
the rare, most intense storms 
dominates, leading to a net 
increase in potential damage 
of roughly 30%. 

The researchers note that 
the new modeling offers no 
support for claims that 
global warming has already 
noticeably affected hur- 
ricane activity. In the real 
world, the number of Atlan- 
tic hurricanes observed dur- 
ing the past 25 years has dou- 
bled; in the model, global 
warming would cause a 
slight decline in the number 
over the same period. Given 
that the mid-resolution 
model used by the group 
duplicates the observed ris- 
ing trend, it may be natural. 
And the group estimates— 
very roughly—that so far 
any effect greenhouse 
warming has had on hurricane intensity 
should still be unrecognizable amid natural 
variations in hurricane activity. 

“Tt’s a good step, a big step forward,” says 
tropical meteorologist Peter Webster. ““They’ve 
done about as much as you can do with down- 
scaling, [but] it’s not the final step.” As ever, 
researchers are looking for yet more computer 
power and higher resolution to boost the real- 
ism of simulations. If the models continue to 
converge as realism increases, the monster 
storms that seemed to be already upon us would 
be removed to decades hence. 

—-RICHARD A. KERR 
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SCIENTIFIC COOPERATION 


African Physicists Set Their Sights on Mammoth Scope 


DAKAR—At times, it has looked more like a 
scene from the movie Braveheart than a sci- 
ence conference. “Together we are stronger!” 
intoned Charles McGruder III to a room 
packed with physicists from across Africa, 
who applauded and pumped their fists in the 
air. McGruder, an astronomer from Western 
Kentucky University in Bowling Green and a 
past president of the U.S. National Society of 
Black Physicists (NSBP), was calling on the 
scientists here to show a united front in 
Africa’s bid to host what would be the world’s 
largest scientific instrument, the Square Kilo- 
metre Array (SKA) radio telescope. Last 
week’s meeting” in the Senegalese capital not 
only was the first physics conference span- 
ning the continent but also became a rally for 
African science, including the establishment 
of anew African Physical Society. 

On the minds of many here was SKA, a 
next-generation radio telescope that will 
probe gas clouds in the early universe with 
a collecting area 100 times that of the Very 
Large Array in Socorro, New Mexico. A 
lengthy site-selection process has already 
eliminated China and South America, 
leaving just Africa and Australia (Science, 
29 September 2006, p. 1871), with a final 
decision by the 19 SKA member states due 
in 2012. “Five years ago, everyone assumed 
that Australia was sure to get the SKA,” says 
Phil Charles, director of the Southern 
African Large Telescope (SALT), an 
11-meter optical instrument in 
Sutherland, South Africa. Aus- 
tralia has long been “a giant” of 
radio astronomy, he says, 
whereas Africa had almost no 
radio telescopes. 

But then in 2006, the govern- 
ment of South Africa committed 
$250 million to constructing an 
array of radio dishes as a precur- 
sor to the African SKA. Seven of 
the planned 80 dishes of the 
array—known as MeerKAT— 
have now been built. “Now people 
are taking our bid seriously,” 
Charles says. Meanwhile, Aus- 
tralia is building up its own seed 
array of dishes, called ASKAP. 

The African bid faces unique 0355 
political challenges. Whereas Aus- 
tralia would host the entire tele- 


“The LAM International Workshop on Optics 
and Lasers in Science and Technology, 
Dakar, 11-16 January 2010. 


scope within its own borders, in Africa the 
massive array of dishes would be spread across 
nine countries, with the core in South Africa. 
Coordinating its construction, use, and mainte- 
nance across those borders would require 
unprecedented regional scientific cooperation. 
Civil wars and border disputes are serious hur- 
dles. “I put the chances at 50-50” for the 
African bid, says physicist Cingo Ndumiso, 
manager of South A frica’s National Laser Cen- 
tre. “The biggest problem is putting the legal 
framework in place in each state” so that infor- 
mation and researchers can move freely. 

But the benefits of building SKA in 
Africa far outweigh the difficulties, argues 
McGruder: “Just the construction alone of the 
SKA will improve Internet access and help 
Africa enter the knowledge economy.” 
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Continental reach. The Square Kilometre Array will require thousands of dishes 
like the one depicted (top), arranged in 30 stations. A possible African configu- 
ration is shown above. 


McGruder hopes that such arguments will help 
African researchers persuade their govern- 
ments to work together to win the SKA bid. 

The scientists at the meeting took a first 
step by founding the African Physical Society. 
An African Astronomical Society is now in 
the works. Having pan-African scientific 
organizations will be “crucial” for reducing 
governmental red tape, says the conference 
organizer, Ahmadou Wagué, a physicist at the 
University of Dakar. “Mobility is a huge prob- 
lem. This has been the first time that many of 
us scientists have met each other face to face” 
due to visa difficulties. McGruder adds that 
having pan-African science groups will also 
help with finances. “Funding from outside for 
African science currently goes through the 
African Union,” he says. “Scientists need to 
have control of that money.” 

In spite of the good will at the meeting, 
there was no consensus on the African bid’s 
chances of success, nor even of SKA’s bene- 
fits. “I worry that it would worsen the problem 
of brain drain from the other African countries 
to South Africa,” says a European physicist at 
the meeting, who did not want to be identified 
because of his collaborations in Africa. Others 
dismissed such worries. “This meeting makes 
it clear that Africa has achieved the critical 
mass of scientists,” says Sune Svanberg, a 
physicist at Lund University in Sweden. “The 
SKA belongs here.” 

Between now and 2012, the lobbying will 
be intense. The total construction 
cost for SKA is estimated at more 
than $2 billion, says McGruder, 
and the United States may pro- 
vide one-third of that. Because of 
this, McGruder’s influence could 
be pivotal, says SALT’s Charles. 
Where SKA ends up will be 
largely determined by “the people 
with the deepest pockets,” he 
says. McGruder adds that “bring- 
ing the SKA to Africa is [the] top 
priority” of NSBP. “We have a 
F real kinship.” 

, The ultimate lobbying moment 
j could come this summer when 
South Africa hosts the World Cup 
football tournament. “If Obama 
comes for a visit, we’re going to take 
him to SALT and MeerKAT,” says 
Charles with a twinkle in his eye. 
“We want him to see cutting-edge 

African astronomy for himself?’ 
-JOHN BOHANNON 
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IRAN 


Killing of Professor Sparks Fight 
Over His Science and His Politics 


As the first Iranian to receive a physics 
Ph.D. from a domestic university, Masoud 
Alimohammadi was a source of pride to his 
country. In 1989, when Pakistani Nobelist 
Abdus Salam inaugurated the doctoral pro- 
gram at the Sharif University of Technol- 
ogy, Alimohammadi’s mentors touted him 
as proof that Iran could now produce the 
next Salam. In 2008, the government picked 
Alimohammadi, by then a professor of the- 
oretical physics at the University of Tehran, 
to be its representative for an international 
scientific facility being built in Jordan 
called SESAME, Synchrotron-light for 
Experimental Science and Applications in 
the Middle East. 

Last week, Alimohammadi was assassi- 
nated by a remote-controlled motorcycle bomb 
outside of his apartment. And the country’s 
guardians clutched him even tighter to their 
bosom. Iranian authorities characterized the 
killing as an attempt by U.S. and Israeli intelli- 
gence agencies to rein in Iran’s nuclear pro- 
gram. But colleagues and others believe that 
the government may actually be the culprit. 
They point to recent actions by Alimohammadi 
both before and after the controversial reelec- 
tion of President Mahmoud Ahmadinejad last 
June as evidence that the physicist favored 
political changes and that his death was a warn- 
ing to other academics who supported the 
reform movement. 

One thing is clear: Alimohammadi was not 
a nuclear scientist. Trained as a theoretical 
particle physicist, he had spent years studying 
string theory and, more recently, dark energy. 
“His scientific contributions to the Iranian 
physics community cannot be replaced in the 
foreseeable future,” says Hessamaddin Arfaei, 
a physicist at Sharif University who was 
Alimohammad1’s thesis adviser. 

Alimohammadi was one of 240 Tehran 
professors who had declared their support for 
Ahmadinejad’s main opponent, Mir-Hossein 
Mousavi. A more recent example of his 
activism—and something that reformers say 
made him a target—occurred just a week 
before he was killed. 

According to Ali Nayeri, an Iranian-born 
physicist at Chapman University in Orange, 
California, who first met him at Sharif Uni- 
versity, Alimohammadi criticized the regime 
and urged open dialogue at a 5 January forum 
held at his department. Speaking to a gather- 
ing of students, he said he knew that fear of 


yA 


Slain scientist. Masoud Alimohammadi was a theo- 
retical physicist, not a nuclear scientist. 


reprisals kept many more on campus from 
attending the event. “I too was instructed not 
to come,” he said, according to Nayeri, who 
translated the talk—posted on YouTube—for 
Science. Frequently interrupted by audience 
members, some of whom wanted to hear him 
talk about fraud in the presidential election, 
Alimohammadi urged students to press on 
with the reform movement without descend- 
ing into chaos. 

Nayeri, a sympathizer of the reformist 
movement, says he and many students he has 
talked to believe that Alimohammadi paid a 
price for his activism. “His killing was master- 
minded by the Islamic Republic,” Nayeri 
alleges. “The message to academics is, ‘Don’t 
meddle in the political sphere.’” 

But another former colleague from the 
Institute for Studies in Theoretical Physics 
and Mathematics—where Alimohammadi 
was a research fellow in the early 1990s—says 
it’s not implausible that the killing was 
planned by a foreign power. Reza Mansouri, 
who was deputy minister for research under 
Ahmadinejad’s predecessor, Mohammad 
Khatami, says the disappearance last year of 
an Iranian nuclear scientist, Shahram Amiri, 
during a pilgrimage to Saudi Arabia has rein- 
forced rumors that some foreign intelligence 
agencies would like to see some Iranian physi- 
cists dead. Maybe Alimohammadi was “tar- 
geted based on a wrong interpretation of his 
expertise,” he says. 

Last week’s state funeral featured a con- 
frontation between reformers and government 
supporters, with each side claiming the alle- 
giance of the slain physicist. Meanwhile, more 
than 100 academics of Iranian origin around 
the world have demanded that the Iranian gov- 
ernment investigate the murder and bring the 
assassins to justice. —YUDHIJIT BHATTACHARJEE 
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Time Machine Tune Up 
It took nearly 30 years and a lot of heated 
debate, but a team of researchers has 
finally produced what archaeologists, geo- 
logists, and other scientists have long been 
waiting for: a calibration curve that allows 
radiocarbon dating to achieve its full 
potential. The new curve, which now extends 
back 50,000 years, could help researchers 
work out key questions in human evolution, 
such as the effect of climate change on 
human adaptation and migrations. 
http://bit.ly/radiocalibration 


A Better Suspension Bridge 
A bit of bridge-building wisdom that dates 
back to 17th century Dutch polymath 
Christiaan Huygens needs a rethink, 
reports a team of structural engineers. Fol- 
lowing Huygens’s lead, engineers have 
assumed that the best design for a suspen- 
sion bridge relies on simple cables that 
hang between towers in an elegant curve. 
A more-complicated design uses less mate- 
rial and is therefore more efficient, accord- 
ing to the new work. But it’s not likely to 
appear on roads. 
http://bit.ly/suspensionbridge 


Why Did Fish Evolve Gills? 
If you said, “to breathe,” then you probably 
passed Biology 101. But you—and the 
textbooks—may not be right. A new study 
argues that the structures really emerged to 
help keep fish in chemical balance with 
their environment. http://bit.ly/fishgills 


Oil Drop Navigates Complex Maze 
Lab rats, watch your back. Scientists have 
found a way to make simple droplets of oil 
navigate complex labyrinths with the same 
skill as laboratory rodents. The advance could 
help researchers devise better ways to solve 
other mazelike problems, from rooting out 
cancer in the body to mapping paths through 
traffic jams. http://bit.ly/oildrop 


Read the full postings, comments, and more 
on sciencenow.sciencemag.org. 
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ACADEMIC FREEDOM 


Google Plots Exit Strategy As China 
Shores Up ‘Great Firewall’ 


BEIJING—Google’s declaration last week that it 
will no longer play ball with Chinese censors 
has inflamed tensions between backers of the 
free flow of information and advocates of 
China’s increasingly assertive efforts to cleanse 
the Internet of offensive material. 

Much more is at stake than the possible 
demise of a single Web site, Google.cn. “Any 
effort to block open access to the Internet 
would hurt the Chinese academic community 
and the long-term interests of China,” says 
Rao Yi, life sciences dean at Peking Univer- 
sity. In recent weeks, however, China has 
slapped new controls on Web content and 
commerce. For example, last month the Min- 
istry of Industry and Information Technology 
(MIIT) issued rules intended to “weed out 
pornography” on Web sites that provide con- 
tent to cell-phone users. And authorities have 
imposed an Internet blockade on an entire 
region of western China, where people now 
can access only a few sites within China. 

It’s unclear whether Google’s defiance will 


GERMANY 


affect scientists. If the government were to 
retaliate by adding Google.com to its roster of 
forbidden sites, access could be cut off to 
Gmail and two research tools, Google Scholar 
and Google Earth. It wouldn’t be a total loss: 
PubMed, for instance, could compensate in 
part for the loss of Scholar. And some see the 
upheaval as a blessing in disguise. In the long 
term, argues Zhu Yong-Guan, director of the 
Institute of Urban Environment in Xiamen, 
“Google’s pullout will in a way stimulate 
China’s own innovation.” 

Google’s operations in China were fraught 
from the start. When the company launched 
Google.cn in January 2006, it took flak 
for agreeing to censor search results, as 
Microsoft’s MSN and other sites do. In that 
sense, Google was merely obeying the law. A 
State Council decree in 2000 bans Web con- 
tent that—among other things—harms secu- 
rity, subverts state power, destroys national 
unity, incites ethnic hatred, disturbs social 
order, or spreads obscenity. 


Google’s relations with authorities soured 
last summer, after government-run CCTV 
accused Google.cn of suggesting obscene 
associations when search terms like “mother” 
and “son” were entered. The government shut- 
tered the Web site temporarily. Then last 
month, Google uncovered a “highly 
sophisticated” attack targeting Gmail ac- 
counts of human-rights activists, according 
to Senior Vice President David Drummond 
in a 12 January post to Google’s official blog. 
In response, he wrote, “We have decided we 
are no longer willing to continue censoring 
our results on Google.cn.” Google was 
expected to meet with Chinese officials this 
week to, as Drummond says, discuss “the 
basis on which we could operate an unfiltered 
search engine within the law, if at all.” 

Of paramount importance to scientists 
here is not Google.cn’s fate but whether 
access to information in China will be further 
restricted. Apparently realizing that inno- 
vation requires freedom to explore new ideas, 
censors are not deaf to pleas from the 
academic community. When researchers 
recently complained about some pages of the 
Massachusetts Institute of Technology’s Web 
site being blocked, according to an official 
with the China Education and Research 
Network, a national academic network under 


Under Fire From Pharma, Institute May Lose Its Director 


A long-running feud between pharmaceuti- 
cal companies and the German institute that 
evaluates the effectiveness of medical treat- 
ments could cost the institute director his job. 
Although the post is supposed to be apoliti- 
cal, members of Germany’s new coalition 
government have called for Peter Sawicki, 
founding director of the Institute for Quality 
and Efficiency in Health Care (known by its 
German acronym IQWiG), to be replaced 
with someone who is friendlier to the phar- 
maceutical industry. As Science went to 
press, the institute’s board of directors was 
expected to decide on 20 January whether 
Sawicki, a clinical researcher and diabetes 
expert, will be replaced when his contract 
runs out later this year. 

Sawicki’s supporters say the move would 
endanger the institute’s reputation for impar- 
tial and rigorous science, and earlier this 
month a petition signed by 600 doctors and 
clinical researchers called on the health min- 
ister and the board to keep Sawicki on. Gerd 
Antes, director of the German Cochrane 


Looking for work? Peter Sawicki heads a German 
institute that has drawn the ire of drug companies 
for how it evaluates medical treatments. 


Centre in Freiburg, a not-for-profit organiza- 
tion that analyzes health care effects, says 
that replacing Sawicki would significantly 
undermine IQWiG and its work. Antes views 
the anti-Sawicki push as “part of the political 
game to soften and to weaken rigorous pro- 


cedures for new drugs and medical devices 
in Germany.” 

IQWiG, based in Cologne, was started in 
2004 as part of a reform of the German health 
care system. With a function similar to the 
U.K.’s National Institute for Health and Clini- 
cal Excellence (NICE), IQWiG’s reports 
inform the panel that decides which treatments 
are covered by Germany’s publicly funded 
insurance plans. Sawicki has tussled with drug 
companies over access to their unpublished 
studies and over reports from the institute, 
such as the one that found “no evidence” that a 
new product was superior to older synthetic 
human insulin. Industry groups, especially the 
German organization of research-based phar- 
maceutical companies, VFA, have been highly 
critical of IQWiG, saying, for example, that 
IQWiG is too selective in deciding which stud- 
ies to include in its evaluations. 

Big pharma’s attacks have even come from 
outside Germany. In March 2009, the Pharma- 
ceutical Research and Manufacturers of 
America petitioned the Obama Administra- 
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Closing shop? Attacks on Gmail accounts were the 
last straw for Google China. 


the education ministry, access was restored. 
But last July’s riots in Xinjiang Uyghur 
Autonomous Region strengthened the hand 
of Chinese officials who favor tighter Inter- 
net curbs. After claiming that social net- 
working sites were used to orchestrate the 
violence, authorities cut off the region’s 


tion to put Germany on a trade and intellectual 
property “priority watch list” chiefly because 
of IQWiG’s influence on the German drug 
market. The petition complained that the insti- 
tute has “inadequately taken into account the 
value of innovative pharmaceuticals,” among 
other complaints. The Obama Administration 
declined to put Germany on its watch list. 
Sawicki acknowledges that it is difficult 
for new drugs or techniques to make the 
grade. “We have introduced a method based 
on patient-relevant outcomes: morbidity, 
mortality, and quality of life,” he says, while 
avoiding what he calls “invalid surrogates,” 
such as cholesterol levels or bone density. 
“You can lower cholesterol and increase mor- 
tality. You can lower blood pressure and 
increase heart failure,” he says. Second, he 
says, “we are looking for progress” rather than 
just effectiveness, which means that an inno- 
vation is not compared with a placebo but 
with the current standard of care. “We are try- 
ing to answer the question, ‘Is it better?’” 
Sawicki says he has some sympathy for the 
drugmakers: “It is very difficult to produce 
something better than what we already had.” 
Industry complaints about the institute 
have found some support among German 
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Internet access, complicating scholars’ lives 
(Science, 11 December 2009, p. 1471). Late 
last month, access was restored to many local 
sites, but so far only four outside Xinjiang. 
Elsewhere in mainland China, Internet 
access is much freer—although Facebook, 
YouTube, and major blog sites are blocked. 
Across China, more restrictions are coming 
on line to cope with the skyrocketing number of 
people who use cell phones to access the Net: 
60.8% of the country’s 384 million Internet 
users. Ostensibly to fight the spread of porn, 
MIIT and other organs are working to better 
monitor content originating from cell phones 
and to “speed up pilot projects for discovering 
harmful information” on wireless Internet, 
according to MIIT’s Web site. As the ministry 
tightened up, Google abruptly postponed this 
week’s planned release of its new mobile phone 
technology in China, offering no information 
on whether the launch would be rescheduled. 
In an interview posted to the State Coun- 
cil’s Web site last week, the council’s informa- 
tion director, Wang Chen, stated that “China’s 
Internet is entering an important stage of 
development, confronting both rare opportu- 
nities and severe challenges.” That’s one senti- 
ment both proponents and critics of the Great 
Firewall can agree on. 
—-RICHARD STONE AND HAO XIN 


politicians. In the October agreement form- 
ing Germany’s new governing coalition, the 
parties stated their intention to examine 
IQWiG’s methods, with the goal of “increas- 
ing the acceptance of the institute’s findings 
among patients, caregivers, and producers.” 
In late November, German media reported 
that recommendations circulated among top 
health policymakers called for Sawicki to be 
replaced and for the institute to be made 
more industry-friendly. Sawicki is also fac- 
ing an ethics inquiry, which he says he 
requested after a new finance director found 
irregularities in expense accounts. Specifics 
of the inquiry, involving a leased Audi as an 
official car and business-class domestic 
flights, leaked earlier this week. 

The institute’s work is bound to be con- 
troversial, says Antes. Similar research in the 
United States has also attracted criticism 
(Science, 27 November 2009, p. 1183). 
Although Sawicki’s term hasn’t been flaw- 
less, Antes says, he has been instrumental in 
getting the institute up and running. “He 
never gives in. He has a very strong spine. In 
5 years, they have established an institute 
with a good international reputation.” 

—GRETCHEN VOGEL 
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From the Science 
Policy Blog 


The World Health Organization (WHO) is 
defending itself from Wolfgang Wodarg, a 
German physician who has called the 
H1N1 swine flu pandemic “fake” because 
the virus isn’t very different from existing 
strains. WHO has dismissed Wodarg’s 
suggestion that big pharma coaxed WHO 
into declaring a pandemic so that it could 
produce and sell more vaccine. http://bit.ly/ 
8ZiYL2 


Scientists at the helm of the Intergovern- 
mental Panel on Climate Change are 
discussing steps to respond to issues 
raised by e-mails uncovered atthe 
University of East Anglia after a theft by a 
presumed hacker in November. IPCC says 
none of the e-mails suggest malfeasance, 
but it is nonetheless considering outside 
reviews and training for authors to deal 
better with outside pressures. http://bit.ly/ 
70COJT 


French science minister Valérie Pécresse has 
chosen Alain Fuchs, now head of Chimie 
ParisTech, to lead the National Centre for 
Scientific Research, a €3.4 billion agency 
whose 12,000 scientists study everything 
from archaeology to astronomy. http:// 
bit.ly/7EKOgo 


A 150-pagereporton minority faculty at 
the Massachusetts Institute of Tech- 


nology tiptoes around the question of 
racism in trying to understand the low 
numbers of underrepresented minorities 
—2.7% of MIT's science faculty and only 
3.4% of the hires in the past 20 years. Its 
recommendations, embraced by senior 
administrators pledging to do better, 
include improved mentoring, training in 
hidden biases, and cluster hires as well as 
closer monitoring of current practices. 
http://bit.ly/SyUnDQ 


A diverse group of scientific publishers, lib- 
rarians, and university officials think that 
all U.S. research agencies should require 
their grantees to make their papers 
freely available as soon as possible, in 
line with the policy of the National 
Institutes of Health. http://bit.ly/ 7EkNcf 
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The Tangled Roots of Agriculture 


A once-popular view that climate change led the Near East's ancient 
Natufians to begin domesticating plants and animals is under increasing 
attack, but alternative paradigms are still being formed 


PARIS—About 20,000 years ago, when the 
last ice age was at its peak, sparse populations 
of hunter-gatherers roamed the largely tree- 
less steppes of the eastern Mediterranean 
region in highly mobile bands of perhaps 15 to 
50 people. For thousands of years, they eked 
out a marginal existence, traveling widely to 
gather tubers and nuts and hunt deer and 
gazelles. Then, about 14,500 years ago, the 
climate warmed suddenly. Woodlands of pis- 
tachio, olive, and oak, along with lush fields 
of wild wheat and barley, began to take over 
the steppes. Just as suddenly, hunter-gatherers 
in what is now Israel, Jordan, Syria, and 
Lebanon began doing things they had rarely, if 
ever, done before. Although they continued to 
hunt, they built permanent houses of stone and 
wood, and buried their dead in and around 
them with elaborate rituals. They ground up 
wild cereals with mortars and pestles, made 
tools and art objects from animal bones, and 
perhaps even practiced Shamanism. And they 
gathered in sedentary or semisedentary com- 
munities of up to several hundred people. 
These were the Natufians, a culture so dif- 
ferent from what came before that archaeolo- 
gists once thought they were invaders from 
afar. Their large, socially complex communi- 
ties “represent a key development in human 
settlement history,” says archaeologist Phillip 
Edwards of La Trobe University in Victoria, 
Australia. In the Near East, Natufian culture 
was the next-to-last stop on the long road to 


farming, and many of its features seem to 
foreshadow the Neolithic epoch, when the 
earliest farmers built densely populated vil- 
lages of stone and mud brick, painted their 
walls with art, and buried their dead under the 
floors. “Many of the activities present in the 
early Neolithic had their roots in the Natu- 
fian,” says zooarchaeologist Natalie Munro of 
the University of Connecticut, Storrs. 

But the warmth that ushered in the Natu- 
fian era didn’t last long. About 13,000 years 
ago, smack in the middle of the Natufian cul- 
tural florescence, a sharp, 1300-year-long 
cold and dry spell called the Younger Dryas 
reversed the post—ice age warming. For some 
archaeologists, the Natufian response to this 


sudden cooling holds ; 
Online 
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archaeology’s central : 
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invented agriculture. 
According to a once-popular hypothesis, 
the Younger Dryas created an environmental 
crisis that forced the Natufians or whoever 
replaced them to begin domesticating 
plants and animals to ensure that they had 
enough to eat (Science, 20 November 1998, 
p. 1446), thus spurring the world’s first 
experiments with agriculture. 

Back in 1989, when archaeologists Ofer 
Bar-Yosef of Harvard University and 


Frangois Valla of the University of Paris in 
Nanterre convened the world’s leading Natufi- 
an experts for a meeting, the Younger Dryas 
model was well on its way to becoming a 
leading paradigm for agricultural origins. 
But when Bar- Yosef and Valla called the 
Natufian mavens back together for a meeting 
in Paris last fall,” opinions had shifted. In 
talks and recent journal articles, many 
researchers rejected the idea that the Younger 
Dryas forced Near Eastern hunter-gatherers 
to become farmers—or that the Natufians 
themselves were precocious farmers, as 
some had suggested. 

“Agriculture was not driven by climate 
change,” says Lisa Maher, an archaeologist 
at the University of Cambridge in the 
United Kingdom. Nor, says Arlene Rosen, a 
geoarchaeologist at University College 
London (UCL), was Natufian culture simply 
a way station on the road to farming: 
“The Natufians were not on a trajectory to 
agriculture. In fact, they carried on ... for 
1300 years as successful foragers during the 
Younger Dryas.” Nevertheless, researchers 
say, the Natufians’ successful adaptations to 
what nature threw at them, and their many 
cultural innovations, may have helped make 
agriculture possible when the weather was 
more conducive to it. 


Follow the lunate 

The Natufians were discovered and named 
in 1928 by the legendary British archaeolo- 
gist Dorothy Garrod. At Shuqba Cave north 


*The Natufian Culture in the Levant II, Paris, 7-11 Sep- 
tember 2009. 
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First farm? The excavators of Abu Hureyra in Syria 
think rye was domesticated there. 


east of Jerusalem and at el-Wad Cave on 
Mount Carmel, Garrod unearthed distinctive, 
crescent-shaped flint tools called lunates, as 
well as grinding stones and mortars, figurines 
and jewelry, the remains of stone buildings, 
and burials of dozens of individuals. 

Today, about 60 Natufian sites are known, 
ranging from larger, villagelike “base 
camps” to smaller “mobile camps.” Archae- 
ologists divide the culture—often identified 
by the presence of the lunates, probably used 
as arrowheads and for cutting plants—into 
two periods: a more sedentary Early Natu- 
fian, characterized by larger encampments 
and elaborate group burials adorned with 
ochre and jewelry; and a more mobile Late 
Natufian, with smaller camps and undeco- 
rated, individual burials. 

Archaeologists agree that the milder, 
post—ice age climate conditions helped 
transform mobile hunter-gatherers into the 
more sedentary Natufians. In the early years 
of Natufian research, archaeologists had 
only a rough idea how old their sites were, 
in part because of the lack of a suitable 
radiocarbon calibration curve 
(Science, 15 September 
2006, p. 1560). But 
new dating shows 
that the Natufians 
appeared right around 
the time of the Bolling- 
Allergd interstadial 
warm period, which began 
14,500 years ago and lasted 
until the beginning of the 
Younger Dryas. “There is 
clearly a striking correlation 
between the emergence of the 
larger-scale Natufian settle- 
ments and the beginning of 
the warm and moist Bolling- 
Alleroad,” says UCL archaeol- 
ogist Andrew Garrard. Dur- 
ing colder times, this region 
was mostly a treeless steppe 
dotted with shrubs and grass- 
lands, and new forests ex- 
panded rapidly, presumably 
providing the Natufians with nuts and other 
calorie-rich plant resources and encouraging 
them to settle down. 

Nevertheless, researchers have had little 
evidence on Natufian use of plants, which 
preserve poorly in the Mediterranean’s wet 
winters and hot, dry summers. “We have had 
almost no direct data on plant use in this 
period,” says Garrard. 


New research at Ded- 
eriyeh Cave in northwest 
Syria is helping to fill that 
gap. In unpublished work 
presented here, archaeo- 
logist Yoshihiro Nishiaki of 
the University of Tokyo 
reported the remains of stone 
buildings occupied between 
14,000 and 13,000 years ago, 
one of which was heavily 
burnt, charring and preserv- 
ing many plant remains. So 
far, archaeobotanist Ken-ichi 
Tanno of Japan’s Research 
Institute for Humanity and Nature in Kyoto 
has found that nearly 90% of the 12,000 plant 
fragments he studied come from pistachio 
and almond trees. Tanno also found signifi- 
cant amounts of wild wheat, one of the main 
cereals domesticated in the region during the 
later Neolithic period. The finds at Ded- 
eriyeh show that Natufian plant use was 
“intensive, knowledgeable, and complex,” 
says Maher. But there’s no sign that the Natu- 
fians actually cultivated plants at Dederiyeh 
rather than simply collecting them wild. 

There is also plentiful evidence of Natu- 
fian hunting, particularly of the mountain 
gazelle. Just outside el-Wad Cave, for exam- 
ple, where archaeologist Mina Weinstein- 
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Stormy weather. Records from Greenland ice cores suggest that the Late Natufians of 
the Near East had little trouble surviving the cold and dry Younger Dryas (named after 
the arctic plant Dryas octopetala, inset, top). 


Evron of the University of Haifa in Israel has 
led renewed excavations since the mid- 
1990s, Haifa zooarchaeologist Guy Bar-Oz 
found that gazelle made up about 75% of the 
animal bones. Moreover, some researchers 
say that the pattern of gazelle hunting argues 
against the idea that a harsh climate during 
the Younger Dryas caused Natufian popula- 
tion levels to crash. The intensity of gazelle 
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Spirit world. This 12,000-year-old burial at Hilazon Tachtit in Israel 
might have been that of a shaman woman. 


hunting continued unabated during the 
Younger Dryas, according to studies by 
Bar-Oz, Munro, and others, a finding they 
say is inconsistent with decreases in the 
Natufian population. 


A paradigm gone dry? 

The Younger Dryas, named for the sudden 
return to more southern latitudes of the 
cold-adapted plant Dryas octopetala, has 
been precisely dated from isotopic ratios of 
oxygen, nitrogen, and other elements in the 
Greenland ice cores, which vary with 
changes in temperature and moisture. These 
records indicate that the Younger Dryas 
stretched from 12,900 to 11,600 years ago; 
pollen cores and other proxy 
climate indicators suggest 
that at least parts of the 
Near East also experienced 
this cold, dry spell. The 
Younger Dryas dates corres- 
pond closely to the calib- 
rated dates for the Late 
Natufian, thought to have 
begun about 13,000 years 
ago. This period, archaeolo- 
gists agree, is marked by at 
least a partial return to the 
more mobile lifestyle that 
preceded the sedentary Early 
Natufian. Beginning in the 
late 1980s, Bar-Yosef, Anna 
Belfer-Cohen of The Hebrew 
University of Jerusalem, and 
other researchers argued 
influentially that the Late 
Natufian culture was a response to the cold, 
dry conditions, which shrank the resource- 
rich forests and made wild cereals such as 
wheat and barley more scarce. They argued 
that the region’s hunter-gatherers turned to 
agriculture, planting and cultivating fields 
of the now-precious grains, in a hypothesis 
often repeated in journal articles and popu- 
lar books, not to mention on Wikipedia. 


Colder/Drier - Warmer/Wetter 
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The strongest evidence for this idea comes 
from the site of Abu Hureyra in Syria, exca- 
vated during the 1970s by a team led by 
archaeologist Andrew Moore, now at the 
Rochester Institute of Technology in New 
York state. They found plump rye seeds, 
which suggested to them that humans had 
selected over time for large grains. Based on 
this and other lines of evidence, Moore and 
UCL archaeobotanist Gordon Hillman 
argued that rye and perhaps other cereals 
were domesticated at Abu Hureyra about 
13,000 years ago, roughly at the beginning of 
the Younger Dryas. If true, that would make it 
the earliest evidence of farming in the world. 
Supporting evidence came from indications 
that the Late Natufians intensified their pro- 
cessing of plants. For example, a 2004 study 
of three Natufian sites in Israel by archaeolo- 
gist Laure Dubreuil of Trent University in 
Peterborough, Canada, found more grinding 
stones in the Late than Early Natufian, as well 
as evidence from use wear that the stones 
were increasingly used to grind cereals and 
legumes. However, the grinding stones could 
also have been used for working animal hides 
and grinding ochre for ritual burials, accord- 
ing to a follow-up study published in Antiquity 
late last year by Dubreuil and archaeologist 
Leore Grosman of Hebrew University. 

Despite the Younger Dryas’s 20-year run 
as a leading explanation for the rise of agri- 
culture, many scientists remained skeptical, 
and the idea has come under increasing 
attack. “The so-called impact of the Younger 
Dryas was always a matter of belief, not a 
matter of science,” says Valla. Archaeo- 
botanist George Willcox of the Archéorient 
research center in Jalés, France, says that 
“there is only one site where [the younger 
Dryas explanation] could possibly work, and 
that’s not enough.” That site is Abu Hureyra, 
but Willcox isn’t convinced that the nine fat 
rye seeds reported there really represent 
domesticated grain. “There are so few of 
them,” he says, adding that “the general con- 
sensus is that plump grains are not good evi- 
dence for domestication.” 

Other archaeologists see little evidence 
that the Late Natufians actually faced an 
environmental crisis. Archaeologist 
Nicholas Conard of the University of Tiibin- 
gen in Germany and his co-workers have 
found considerable evidence at Baaz rock 
shelter in Syria that Natufians ate freshwater 
fish, which points “to the presence of stable 
sources of flowing water at a time when we 
are supposed to be in an environmental crisis 
due to aridity.” 

And newer calibrated radiocarbon dating 
suggests that the Natufians did reasonably 


Rounded rye. The Abu Hureyra team argues that 
these plump rye grains were domesticated. 


well during the entire Younger Dryas, 
Grosman argued in a talk here. The 
calibrated dates now stretch the Natufian 
period from about 2300 uncalibrated years 
to well over 3000 calibrated years and make 
the Late Natufian even longer than the Early 
Natufian. To have survived the return 
to harsh conditions for so long, Rosen 
says, the Late Natufians must have had a 
“stable adaptation” to the Younger Dryas. 
Moreover, Munro says, the increased mobil- 
ity of the Late Natufian was 
not a likely “trigger for 
agriculture” and may 
have in fact post- 

poned it. 


Galloping gazelle. Natufians probably hunted their 
favorite prey using lunates (inset) as arrowheads. 


Some Younger Dryas advocates are not 
convinced by this logic. Bar-Yosef argues 
that many of the first Neolithic sites, which 
cropped up just as both the Late Natufian 
and the Younger Dryas ended about 11,500 
years ago, are “more than 10 times as large 
as the biggest Natufian sites. Where did 
they come from if food supplies were not 
improving during the late centuries of the 
Younger Dryas?” And Moore says that 
although the Younger Dryas was not the 
only catalyst for farming, at Abu Hureyra it 
“provided a key trigger.” As evidence he 
cites not only the rye grains but also other 
signs, such as a rise in weeds typically 
found in cultivated fields and an increase in 
legumes such as lentils, which Moore says 
could not have survived the dry Younger 
Dryas unless they were deliberately culti- 
vated. Moore also points to increasing 
evidence that early farmers engaged in 
“predomestication cultivation” long before 
cereals and other plants took on the domes- 
ticated morphology that makes them 
recognizable to archaeobotanists (Science, 
29 June 2007, p. 1830). 

But if the dissenters are right and the 
Younger Dryas did not trigger the rise of 
agriculture in the Levant, what did? Many 
archaeologists have concluded that farming 
began not during the cold, dry climate that 
hit Natufian culture at its height, but only 
later—after warm, moist conditions were 
restored 11,600 years ago. In this view, says 
Rosen, prehistoric peoples were both 
“pushed” into agriculture by growing popu- 
lations that fostered renewed seden- 
tism and “pulled” by the increased 

rainfall and milder climates that 
made farming more attractive and 
less risky. Only then, Rosen says, 
was nature in full “come-hither 
mode,” making agriculture not 
only possible but also desirable. 

Willcox, whose own research 

suggests that both cultivation and 
domestication didn’t start until the 
Holocene, says he “agrees 100%” 
with this viewpoint. But although the 
Natufians may not have invented agri- 
culture, many archaeologists say, their 
many cultural innovations—in art, tech- 
nology, architecture, and possibly experi- 
mentation with wild plant cultivation— 
probably made later developments possible. 
In a sense, says anthropologist Donald 
Henry of the University of Tulsa in Okla- 
homa, the Natufians were “preadapted” for 
farming—even if, as Valla puts it, “they had 

no clue what was to follow.” 
—MICHAEL BALTER 
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Trends Document China's Prowess 


New report shows how a decade of investment in science and technology has moved 
the world’s most populous nation into the front ranks on key global indicators 


China has arrived. But the rest of the world 
has not left the building. That’s the message 
from the 2010 edition of Science and Engi- 
neering Indicators, the newly released bien- 
nial collection of data on the global scientific 
enterprise from the U.S. National Science 
Foundation (www.nsf.gov/nsb/sei). 

“T don’t think we’ve ever seen another 
country in which S&T spending has risen 
by 20% annually for more than a decade,” 


Trilateral powers. 

The annual research expenditures 
of the United States, Asia, and 
Europe are almost the same. 


1996 


SOURCES: OECD; UNESCO; NSF 
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explains NSF’s Rolf Lehming, who over- 
sees the statistical compendium. “The 
results show up everywhere: percent of 
GDP devoted to research, undergraduate 
degrees, the value of knowledge-intensive 
products.” The 2010 volume reflects “a con- 
solidation” of what’s been taking place for 
years, he adds, “and we don’t see a flatten- 
ing of these trends.” 

Yet China’s rise doesn’t mean that other 
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Staffing up. The size of China’s scientific 
work force now equals that of the United 
States and the European Union, although it 
still trails in the number per 1000 workers. 
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Working on it. The 
scientific sector is still 
much better off than the 
rest of the U.S. economy, 
although unemployment 
rates have risen to levels 
not seen in nearly 

30 years. 
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countries aren’t also continuing to invest in 
research and education. Here is a sampling 
of global metrics featured in this year’s 
Indicators—which fails to capture the inter- 
national economic crisis of 2008—09—plus 
a snapshot of the current job market for U.S. 
scientists. —JEFFREY MERVIS 
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The payoff. Asian nations still lag in their 
ability to create what NSF calls “knowledge- 
intensive commercial services,” a sector that 
includes business and financial services and 
communications. 
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FALL MEETING OF THE AMERICAN GEOPHYSICAL UNION | 14-18 DECEMBER 2009 | SAN FRANCISCO, CALIFORNIA 


Flows on Mars But No Water 


Finding liquid water on Mars would open the 
possibility of present-day life on the frigid, 
forbidding planet. So when planetary scien- 
tists reported in 2006 that they had photo- 
graphic evidence that liquid water had 
flowed on the martian surface twice in recent 
years, astrobiologists in particular took 
notice (Science, 8 December 2006, p. 1528). 
Now researchers operating the next-gener- 
ation camera orbiting Mars have found eight 
more of the steep gullies where it looks as if 


2 October 2007 


Mars evolving. The camera aboard Mars Reconnaissance Orbiter 
has caught recent changes in a gully, including boulders (arrows) 
that a dry debris flow may have carried downhill. 


water recently gushed downhill. But the tim- 
ing and geographic distribution of the flows 
point not to liquid water but to bone-dry flows 
of debris somehow facilitated by a ground 
frosting of frozen carbon dioxide. “I think they 
have a very compelling case that [the flows] 
are carbon dioxide-—telated,” says planetary 
scientist Oded Aharonson of the California 
Institute of Technology in Pasadena. The next 
question is whether the same dry process 
could have actually created the gullies. 


18 February 2009 


The dry explanation came in back-to-back 
talks at the meeting by planetary scientists 
Serina Diniega and Colin Dundas—both of 
the University of Arizona, Tucson—with their 
UA colleagues Alfred McEwen and Shane 
Byrne. Looking at images taken from orbit 
during the past 9 years (4.5 martian years), 
including those from the HiRISE camera on 
board Mars Reconnaissance Orbiter, they 
searched for discernible changes from one 
imaging pass to the next. 

Diniega and her colleagues 
focused on gullies cut into sand 
dunes. The selected gullies have a 
classic form: an upper alcove 
eaten into the dune, a narrow chan- 
nel cut by sand draining from the 
alcove, and an apron of sand 
deposited at the channel’s lower 
end. They found 17 gullies where 
changes had occurred: Aprons had 
grown, channels had widened, or 
whole new channels had formed. 
These active dune gullies were 
located between 45°S and 52°S, 
where it gets cold enough for 
part of the carbon dioxide 

atmosphere to freeze and 
form centimeters-thick 
frost layers on the 
ground. All 17 of the 
changes appeared to 
happen during the early 
southern spring, when 
any frost would be thick- 
est and temperatures were 
just beginning to rise. 
That combination of particu- 
larly frigid latitudes and spring- 
time warming suggests that car- 
bon dioxide frost was essential to 
the recent flows, Diniega said. 
Perhaps the weight of the frost 
triggers small avalanches, she said. Then the 
frost might turn into gas that makes sand into 
a free-flowing fluid, transforming a tiny ava- 
lanche into a big, erosive one. 

Dundas and his colleagues concentrated 
on classically shaped gullies on crater walls. 
They found eight new examples of changes— 
a lighter or darker tone to gully deposits or 
changes in gully shape. The eight cases out of 
10 known whose timing could be constrained 
tended to occur in winter and never in sum- 


mer, Dundas said, consistent with the tim- 
ing of dune gully changes. And the crater 
gully changes were not always superficial; 
in one case (see figure), meter-scale boul- 
ders appear to have been moved. 

“What impressed the heck out of me was 
the boulders moving down the slope,” says 
applied physicist Michael Hecht of the Jet 
Propulsion Laboratory in Pasadena. “There’s a 
significant amount of material being moved.” 
Aharonson sees a role for carbon dioxide frost 
in triggering flows down both dune and crater 
gullies, at least the higher-latitude ones 
reported here. And frost is “a good candidate” 
for creating dune gullies in the first place, he 
says. Forming crater-wall gullies is another 
matter. Flowing liquid water—perhaps in an 
earlier, warmer era—is still in the running for 
that more demanding chore. 


Magnetics Point to 
Magma ‘Ocean at lo 


Three of Jupiter’s large moons have global 
salty oceans under kilometers of ice, but the 
fourth, Io, is just a ball of rock. Nevertheless, 
space physicist Krishan Khurana of the Uni- 
versity of California, Los Angeles, and col- 
leagues presented evidence at the meeting for 
a global ocean tens of kilometers beneath the 
volcano-pocked surface of Io. This one, how- 
ever, would be mostly molten rock, harkening 
back to the solar system’s very earliest days 
when most big, rocky bodies sported a 
magma ocean. 

Planetary geologist Alfred McEwen of the 
University of Arizona, Tucson, says the new 
findings “definitely support the idea of sig- 
nificant [magma] in Io’s mantle” and possibly 
a full-blown magma ocean. At a minimum, 
much of Io’s rocky innards is likely more 
molten mush than solid rock. 

Planetary scientists have long wanted to 
probe Io’s interior for a magma ocean. In 1979, 
theorists predicted a fiery surface on Io and a 
magma ocean within it. Jupiter’s gravity raises 
tides in Io, they noted, kneading the solid rock 
of the moon and generating heat in the interior. 
Spacecraft immediately found more volcanic 
activity on Io than in the rest of the solar sys- 
tem combined. And planetary geologists even- 
tually found at least a few of Io’s 100 known 
volcanic hot spots to be hundreds of degrees 
hotter than the hottest lavas on Earth, suggest- 
ing a crystal-laden “mushy magma ocean” 
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(Science, 3 December 1999, p. 1827). 

But when space physicists tried to probe 
Io’s interior, they encountered an engulfing 
cloud of confounding debris. In the case of the 
other three satellites, Jupiter’s powerful mag- 
netic field sweeps through the salty ocean and 
induces an electrical current. That current gen- 
erates a moon-centered magnetic field that 
spacecraft flying by could detect. Molten rock 
would work similarly, but Io’s high-flying vol- 
canic debris becomes electrically charged and 
would tend to mask any weak magnetic field 
induced in a magma ocean. 

But in the course of preparing a proposal to 
return to Io, Khurana and colleagues went back 
to magnetic-field data gathered near Io by the 
Galileo spacecraft. They removed the masking 
interference as best as they could, leaving what 
appeared to be an induced field recorded dur- 
ing one flyby. To prove that their first try wasn’t 
a fluke, they corrected magnetic data from a 
second flyby when Jupiter’s magnetic field 
swept through at a different angle, which 


Snapshots from 
the Meeting >> 


Still no mammoth-killer. Nanodiamonds 
really do litter the sedimentary record at the 
geologic moment that the mammoths disap- 


Hot. A lot of molten rock lies beneath 
lo's volcano-pocked surface. 


would have reversed the poles of 
any induced field. Sure enough, 
it was flipped. To produce the 
observed induced field in a 
model, the group had to assume 
that rock about 50 kilometers 
, _ beneath the surface was completely 
/~  moltenor nearly so. 
“Khurana’s result is very interesting 
but ambiguous,” says planetary geophysi- 
cist David Stevenson of the California Insti- 
tute of Technology in Pasadena. The magnetic 
data do require substantial melting of rock ina 
continuous layer around Io, he says, but sorting 
out the nature and geometrical arrangement of 
Io’s deep magma ocean or global mush will 
require an Io orbiter. 


Antarctic Glacier 
Off Its Leash 


An unmanned autonomous submarine has 
discovered a sea-floor ridge that may have 
been the last hope for stopping the now- 
accelerating retreat of the Pine Island Glacier, 
a crumbling keystone of the West Antarctic 
Ice Sheet. The ridge appears to have once pro- 
tected the glacier, but no more. The subma- 
rine found the glacier floating well off the 
ridge and warmer, ice-melting water passing 
over the ridge and farther under the ice. And 
no survey, underwater or airborne, has found 
another such glacier-preserving obstacle for 
the next 250 kilometers landward. 

The Pine Island and adjacent Thwaites 
glaciers are key to the fate of West Antarctic 
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ice, says glaciologist Richard Alley of Penn- 
sylvania State University, University Park, in 
an e-mail. And West Antarctica is key to how 
fast and far sea level will rise in a warming 
world. “To a policymaker, I suspect that the 
continuing list of [such] ice-sheet surprises is 
not reassuring,” he writes. 

At the meeting, glaciologist Adrian Jenkins 
of the British Antarctic Survey in Cambridge 
and colleagues described how the instrument- 
laden Autosub3 cruised for 94 hours along 
510 kilometers of track beneath the floating 
portion of the Pine Island Glacier in January 
2009. The sub found a 300-meter-high ridge 
across the ocean cavity formed by the floating 
end of the glacier. Deep, warmer water was 
overtopping the ridge and passing through the 
gap between floating ice and the ridge top on 
its way to melting back more of the glacier. 
That gap has been growing, Jenkins said, per- 
haps since the 1970s. An aerial photograph 
from 1973 shows a bump in the ice where the 
ridge is now known to be, suggesting that the 
ice was then resting on the ridge and no 
warmer water could have been getting through. 

Although the last physical obstacle to con- 
tinued melting and retreat of the Pine Island 
Glacier has been breached, the ice’s fate 
remains murky, says glaciologist David Hol- 
land of New York University in New York City. 
That’s because glaciologists aren’t sure what 
got the glacial retreat started in the first place, 
he notes. It wasn’t the greenhouse simply 
warming the ocean, researchers agree. Instead, 
shifting winds around Antarctica in recent 
decades may have driven warmer waters up to 
the ice and dislodged it from its perch on the 
ridge. But what caused the winds to shift? 
Global warming? The ozone hole? Random 
variability? Glaciologists—and policymak- 
ers—would like to know. —-RICHARD A. KERR 


impact turned up nothing. So Claeys and colleagues—along with most 
researchers—still see no clear evidence for an impact. 


peared, geochemist Philippe Claeys of the Free University of Brussels and 
his colleagues reported at the meeting. A group of researchers has argued 
that the collision of a 4-kilometer-wide hypervelocity asteroid or comet 
created the minuscule jewels 12,900 » 

years ago while wiping out all manner Fo 
of megafauna (Science, 2 January ; 
2009, p. 26). “There's really no doubt 
the nanodiamonds are there,” says 
Claeys. The problem is that they look 
just like the nanodiamonds found in 
modern soils in Belgium and Germany. 
And “a deliberate and detailed hunt” 
for the type of nanodiamond that forms 
only under the extreme conditions of an 


What a rock. Nanodiamonds 
mark the mammoth extinction, 
but they don’t signify an impact. 
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Teach them, and they will flee. The hugely disastrous Sumatran tsunami 
of 2004 prompted the expansion of warning systems around the world, but 
that didn’t do residents of the Samoan islands any good last September when 
a nearby earthquake shook them. More than 180 people died before any 
official warning could reach them. Even so, “there’s no doubt training saved 
lives,” says oceanographer Walter Dudley of the University of Hawaii, Manoa, 
who—with his colleagues—interviewed survivors. The number of saved lives 
“is certainly in the hundreds, if not the thousands,” says Dudley. In preceding 
months, many islanders had received training from the Department of 
Homeland Security in how to respond to strong ground shaking. In one 
reported case, the shaking prompted more than 800 children and adults at 
a coastal school to evacuate safely to higher ground. In minutes, the tsunami 
destroyed their school. Says Dudley: “Our experience is, when people know 
what to do, they won't be victims.” -R.A.K. 
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edited by Jennifer Sills 


Studying Extant Species to Model Our Past 


THE COVER CAPTION FOR THE SPECIAL SECTION ON ARDIPITHECUS RAMIDUS (2 OCTOBER 
2009, p. 60; cover caption, p. 5) echoed a conclusion threaded among the Research Articles: 
Ar. ramidus appears to be so different from Pan that “extant great apes are poor models for our 
last common ancestor.” We are concerned that oversimplistic interpretations of such remarks 
will devalue exciting progress in synthesizing diverse sources of evidence about our past (/—3). 
Studies of extant species are yielding important information about behavior and cognition that 
the fossil record lacks (3—5). Of course, naively projecting the chimpanzee into the past would 
provide an incomplete model of human origins, given that modern chimpanzees are not our 
ancestors. However, extant species play vital roles in sev- 
. war eral types of contemporary analyses. One of these methods 
ey C 1c até e is strategic modeling (6), in which data on extant species 
are used to derive general principles. This approach is 
revealing the sociological or ecological correlates of sexual 
dimorphism, which are being used to interpret the available 
fossil evidence. Another overlooked method is cladistic 
analysis, in which features shared by a family of related 
taxa, such as the great apes (including humans), are identi- 
fied and parsimoniously attributed to a common ancestor 
(7, 8). Furthermore, refined referential models, for both 
single and multiple species, offer behavioral proxies for 
long-dead forms (9). It would be tragic and illogical if any 
departures from “chimpiness” in Ar: ramidus were seen as 
clashing with the integration of recent findings from 

primatology and paleoanthropology (/—3). 
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Response 

WHITEN ET AL. IMPLY THAT WE UNDERVALUED 
extant species. We find this perplexing. We 
never stated that studies of extant chim- 
panzees are unimportant. Our conclusions 
were based on intensive review of homolo- 
gous anatomical traits in other primates. 
Indeed, to understand hominid origins, we 
must now instead rely on “fundamental evo- 
lutionary theory,” which Whiten et al. refer 
to as “strategic modeling.” Increasingly rele- 
vant is a vast and still growing knowledge of 
ecological, locomotor, social, and reproduc- 
tive interrelationships of not just chim- 
panzees, but other primates and a wide vari- 
ety of other vertebrates. In fact, using “data 
on extant species...to derive general princi- 
ples” was exactly our approach—the majority 
of the 108 citations in the final Ardipithecus 
paper referenced such studies. We expressly 
advocated more intensive reliance on addi- 
tional living species (beyond Pan) because 
these promise a more comprehensive under- 
standing of social structure in advanced 
K primates (e.g., Brachyteles and other 
atelines), creation and use of tools (e.g., 
Cebus), and even neuroendocrinology (voles 
and several primates). 

A broad comparative base is equally imper- 
ative for accurate phylogenetic analyses, partic- 
ularly those involving cladistics. The potential 
of the latter methods to accurately “recover” 
ancestral phenotypes by parsimony relies on 
the presence and density of taxa (both extinct 
and extant) surrounding the nodes of interest. 
This has been empirically shown with morpho- 
logical data sets (/) and certainly also applies to 
behaviors. For example, cladistic analysis of 
extant species may retrieve the locomotor 
behavioral trait of knuckle-walking, as the 
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Bacterial beneficiary 
in tuberculosis 


nodal phenotype for the Pan/Homo common 
ancestor, but the Ardipithecus forelimb shows 
that this inference is simplistic and almost cer- 
tainly incorrect. Indeed, Ardipithecus and other 
Miocene hominoids establish that extant 
chimpanzees are poor models for our last com- 
mon ancestor with chimpanzees. Contrary to 
Whiten et al.’s assertions, this conclusion was 
informed, and should be further extended, by 
general principles established from all relevant 
species. All great ape species merit study and 
conservation, but despite their genomic prox- 
imity, none of them should be interpreted as 
anatomically or behaviorally “living fossils” or 
“time machines.” 
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Carbon Accounting 
a Tricky Business 


THE POLICY FORUM “FIXING A CRITICAL CLI- 
mate accounting error” (23 October 2009, p. 
527), in which T. D. Searchinger et al. describe 
the error of assigning biofuel carbon emis- 
sions as zero, is long overdue. The heat- 
trapping potential of carbon dioxide from a 


modern carbon source is exactly the same as 
that from a fossil carbon source. The only way 
biofuel carbon emissions will have no net 
effect on the global energy balance is if the 
modern carbon released during biofuel com- 
bustion were removed from the atmosphere 
and quickly incorporated into a carbon sink. 
The need to count “changes in emissions from 
land use when biomass for energy is har- 
vested or grown” is vital, but Searchinger 
et al. minimize the difficulty in determining 
what those emission changes are. 

The land-use changes that may occur due to 
the widespread use of biofuels such as ethanol 
are highly variable (/—3). Both forest and aban- 
doned or reclaimed agricultural land have 
potentially large stores of deep mineral soil car- 
bon. We are just beginning to understand the 
extent of carbon release associated with con- 
version to bioenergy cultivation [e.g., (4-6)]. 
The state of the science related to soil carbon 
dynamics is not developed enough to allow 
proper carbon accounting of land-use change. 

Furthermore, land-use decisions are a 
dynamic process based on a variety of fac- 
tors, many unrelated to biofuels. To fully 
attribute land-use change emissions to bio- 
fuels would require determining what would 
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pplications are now being accepted for the 2010 NASA Space 
Radiation Summer School, a three-week course designed to offer 
graduate students, postdoctoral fellows, and faculty an integrated 
curriculum of radiation biology, radiation chemistry, and physics 
culminating in hands-on accelerator-based experiments using the 
synchrotron facility at the NASA Space Radiation Laboratory. Up to 15 
students will be selected for the course, tentatively scheduled for May 20 
— June 11, 2010 at the Brookhaven National Laboratory (BNL) on Long 
Island, New York. Topics will include DNA damage and repair, 
genotoxicity measurements, cell cycle checkpoints and apoptosis, the 
bystander effect, genomic instability, neurodegeneration, tissue 
remodeling, and the relationships of these processes to carcinogenesis 
and late degenerative effects following exposure to space radiation, as 
well as the space radiation environment, physics and biochemistry of 
charged particle interaction with condensed matter, ionizing radiation 
dosimetry, and accelerator operations. Course faculty consists of leading 
university and national laboratory biologists and physicists actively 
engaged in NASA space radiation research and BNL experts in heavy ion 
experimentation and methods. 


pplication instructions are available online at 
www.dsls.usra.edu/spacerad/2010/ 
pplication Deadline - 11:59 p.m. CT, Sunday, February 28, 2010 


U.S. citizens and foreign nationals may apply. All selected students must 
satisfy BNL/DOE safety and security requirements in order to be admitted. 
Selected students must also demonstrate oral and written proficiency in 
the English language. Travel expenses in the U.S. and room and board 
will be covered for selected participants. Successful applicants from 
outside the U.S. must provide for their travel to/from New York/Long 
Island. Course sponsors are the NASA Space Radiation Program, Pacific 
Northwest National Lab, U.S. Dept of Energy, Brookhaven National Lab, 
and Universities Space Research Association. 
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have happened in the absence of biofuels. 
With the complex land-use transitions that 
may occur—perhaps from cultivation for 
crops to bioenergy to pasture—it will be 
exceedingly difficult to ascribe a given land- 
use history solely to agricultural or bioen- 
ergy production. Thus, the science of soil 
carbon and the difficulty of assigning land 
use are just two of the many complexities 
that will further confound adequate carbon 
accounting—pointing to a need for both fur- 
ther research and careful analysis. 
ANDREW J. FRIEDLAND+* AND 
KENNETH T. GILLINGHAM2 
Environmental Studies Program, Dartmouth College, 


Hanover, NH 03755, USA. *Management Science and 
Engineering, Stanford University, Stanford, CA 94305, USA. 


*To whom correspondence should be addressed. E-mail: 
andy.friedland@dartmouth.edu 
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East German Institutes 
Stand Tall 


THE NEWS FOCUS STORY “AUFBAU OST: MAX 
Planck’s East German experiment” (G. Vogel, 
6 November 2009, p. 788) claims that “Aufbau 
Ost” (building up the East) is a project of Max 
Planck Society. In fact, the term “Aufbau Ost” 
refers to all government-funded projects to 
rebuild infrastructure in the former German 
Democratic Republic. Moreover, our scien- 
tific system consists of more than one organi- 
zation: Others include the Fraunhofer Society, 
Helmholtz Association, and Leibniz Asso- 
ciation. All of these organizations contributed 
to the scientific “Aufbau Ost.” In fact, in the 
early years the Max Planck Society indicated 
that it would not interfere. 

The complex process of evaluation and 
restructuring the East German institutes re- 
sulted in more than 40 institutes of the Leibniz 
Association in the eastern part of Germany 
employing nearly 7000 people, several large- 
scale research facilities of the Helmholtz 
Association, and more than 20 institutes of 
Fraunhofer Society. None of these was men- 


tioned in the story. In nearly all of these insti- 
tutes, researchers who received their training in 
East Germany are still working today. These 
“inherited researchers” have proven to be a cru- 
cial support and an important source of innova- 
tive ideas for our institutes. They were in no 
way a burden, as insinuated in the story. 

Hans-Peter Hiepe, who administers the 
German science ministry’s programs for the 
former East, says in the News Focus story that 
“[s]cience is really successful when re- 
searchers can see their research reflected in 
the regional economy.” This has already mate- 
rialized in cases such as Greifswald, Potsdam, 
Jena, and Berlin-Adlershof. 

More astonishing is the quote of Hiepe that 
the foundation of the research landscape in 
East Germany “is made of matchsticks.” After 
nearly 20 years of highly successful work and 
a number of follow-up evaluations by interna- 
tionally renowned experts—many with out- 
standing results—my experience is that we 
have built our excellent scientific institutions 
and research infrastructure on a sound basis. 

ERNST TH. RIETSCHEL 


President of the Leibniz Association, Berlin, 10117, 
Germany. E-mail: rietschel@leibniz-gemeinschaft.de 
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ANTHROPOLOGY 


Did They Fail? Could They Choose? 


Krista Lewis 


uestioning Collapse: Human Resil- 
ience, Ecological Vulnerability, and 
the Aftermath of Empire began as 
a conference session at the 2006 
annual meetings of the 
American Anthropological 
Association, where schol- 
ars came together to discuss 
the massive popular appeal 
of Jared Diamond’s Guns, 
Germs, and Steel and Col- 
lapse (1, 2). Their discussion 
expanded and developed 
into a volume that brings 
together archaeologists, cul- 
tural anthropologists, and 
historians to reanalyze and 
reinterpret Diamond’s case 
studies and conclusions. 

In many cases the authors, all prominent 
scholars in the time periods, areas, and top- 
ics they write about, are able to identify and 
correct an array of errors in Diamond’s data. 
Questioning Collapse, however, is not a col- 
lection of indignant scholars dwelling on fac- 
tual inaccuracies or “Diamond-bashing.” The 
volume presents lively debate, critique, and 
engagement not only with Diamond’s the- 
ses but, more importantly, directly with the 
serious issues he raises and the roles serious 
scholars should take. The authors contribute 
positively to critical public discussions about 
understanding what the past has to offer us as 
we move toward an increasingly global, envi- 
ronmentally fragile future. Their chapters 
were written for the wider public rather than 
being narrowly focused at specialists and yet 
also have much of value for professionals in 
the authors’ disciplines. 

The studies in Questioning Collapse 
make clear that environment is not the only 
issue that societies must deal with in order to 
make “civilizations” sustainable. None of the 
authors disagree with Diamond’s claim that 
understanding past human-environment inter- 
actions is important to our future. But they 
do caution that we need to make certain that 
studies and arguments are very carefully con- 
structed, methodologically rigorous, and con- 
scious of all possible nuances and facets of 
the issue. The contributors show how this can 
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be done for the societies they study, and they 
explain the implications of Diamond’s trou- 
bling propensity to overlook the real and pow- 
erful influences of cultural ideologies on the 
paths that civilizations take. 

Diamond conjures a sense 
of crisis, defining collapse in 
dramatic ways that ignore how 
societies also choose to be 
resilient, to adapt and change 
in ways that can even include 
abandoning places in favor 
of new settlements or strate- 
gies that better fit their envi- 
ronmental, economic, reli- 
gious, or other cultural needs. 
Who is to say that a society 
such as Norse Greenland, 
which existed for 450 years, 
was a failure because its inhabitants eventu- 
ally decided for a variety of reasons that life 
could be better elsewhere? Or that the Maya 
abandoning their monumen- 
tal Classic period religious 
centers was a collapse rather 
than a political and social 
shift that was a good decision 
at the time? 

Notably, the authors pay 
attention to the living descen- 
dents of the supposedly 
failed, collapsed societies that 
Diamond profiles. The vol- 
ume does something largely 
long missing (at least in lit- 
erature easily accessible to 
the public), which is to reject 
historical amnesia by bridg- 
ing the gap between ancient 
“lost” societies and the cul- 
tural inheritors of these tradi- 
tions who are still among us. 
Several chapters highlight the 
continued existence of com- 
munities such as native Eas- 
ter Islanders, the Maya of Central America, 
Native North Americans, and Aboriginal 
Australians and what they have to say about 
their supposed disappearances. These peo- 
ple have not in fact vanished, but what have 
been obscured by narratives such as Dia- 
mond’s (and, admittedly, by archaeological 
and popular romanticism) are their cultural 
histories and perspectives. One nice feature 
of the book is the inclusion of short profiles of 
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living individuals from the areas in question, 
whose words and faces represent the human 
reality of their diverse perspectives. 

Diamond intended Collapse as an envi- 
ronmental wake-up call but missed the crucial 
fact, clearly argued in this volume, that pro- 
posed solutions to our global environmental 
problems cannot succeed without grappling 
with the complex issues of history, coloniza- 
tion, and social injustice that have brought 
us to our current state of fragility and cri- 
ses. Several chapters raise the bitter truth that 
many societies do not have the entirely free 
choice about how they deal with their envi- 
ronment that Diamond assumes. Especially 
today, societies are increasingly constrained 
by being interlaced into complex global 
social and economic networks. Who are we, 
from our positions of power and influence, to 
suggest that the people of Papua New Guinea, 
for example, should forbid logging or mining 
on their land when the alternatives available 
to them also will not sustain or improve their 
lives and those of their children? 

We cannot ease our current global envi- 
ronmental crises without understanding their 
complex histories and equitably address- 
ing the socioeconomic problems that create 


Icons of collapse. Moai left standing close to the quarry at Rano 
Raraku, Rapa Nui (Easter Island). 


and sustain them, and that cannot be done 
without many difficult shifts in perspective, 
including about how we define and assign 
blame for societal collapse. Stepping into 
someone else’s shoes is easy to recommend, 
but the actual shedding of subconscious cul- 
tural ideas about what constitutes “common 
sense” and practicality in order to do so is 
much more difficult. Even more challeng- 
ing may be the creation and maintenance 
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of socioeconomic systems that value those 
diverse perspectives, share control and in- 
terpretation of heritage, and (most important 
of all) alleviate problems of social justice. How- 
ever, such actions are not entirely impossible, 
and the suggestions the authors of Question- 
ing Collapse make about how we can move 
in those directions are valuable contributions 
to the effort. 
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PSYCHOLOGY 


Unsexing the Brain 


A. Scott Henderson 


oes the brain have a sex? Until 
D=: most investigators consid- 

ered this question a silly one—the 
answer was no. But advances in neurosci- 
ence, behavioral genetics, and technology— 
especially magnetic resonance imaging and 
positron emission tomography—have cast 
this query in a different light. With increas- 
ing confidence, scholars and commentators 
have cataloged putative differences between 
male and female brains. These presumed 
differences have panicked 
gender-conscious par- 
ents, prompted redesigned 


Pink Brain, Blue Brain 


ences, including Leon- 
ard Sax (the physician- 
psychologist founder 
of the National Asso- 
ciation for Single Sex 
Public Education) 
and Michael Gurian 
(the family therapist 
turned social philoso- 
pher who coined the 
phrase “boy crisis”). 
Summarizing an 
exhaustive survey 
of existing research, 
Eliot concludes that 
the brains of boys and girls are 
extremely similar, differing significantly only 
in their size and maturation rate, neither of 
which has a demonstrable impact on cognitive 
functions. In evaluating a range of other traits, 
she emphasizes their difference value (d), a 
statistic that measures the gap between male 
and female performance (/). For most cogni- 
tive and behavioral traits, d is small (around 
0.2), which means that males and females 
perform almost equally as well (or as poorly). 
This makes generalizing about certain char- 
acteristics difficult unless one concentrates 
on the extremes of a distribution curve, where 
even small differences can add up—for exam- 
ple, the disproportionate number of boys who 
have dyslexia or girls who suffer from anxi- 
ety disorders. Eliot astutely notes that it is this 
headline-grabbing focus on extremes that typ- 
ifies claims made by Sax, Gurian, and others. 
If, as Eliot maintains, there are so few 
hard-wired differences 
between male and female 
brains, why do the cogni- 


schools, and provided 
entrepreneurs with sub- 
stantial profits. 

Amid a rising din of 
claims and counterclaims 
concerning this topic, 
Lise Eliot offers a work of 
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tive abilities and interests 
of boys and girls diverge by 
mid-to-late adolescence? 
Why, for instance, do boys 
typically outperform girls 
by 35 to 40 points on the 
math section of the Scho- 
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serious and highly persua- 
sive scholarship. A neuro- 
scientist at the Rosalind 
Franklin University of Medicine and Sci- 
ence, Eliot focuses on a question that lies at 
the heart of the male-female brain debate: 
Why do boys and girls perform differently 
on certain cognitive tasks? Arguing that 
environmental factors are more influential 
than intrinsic ones, she repudiates claims 
made by several popularizers of sex differ- 
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lastic Aptitude Test (SAT)? 
According to Eliot, this can 
be partially explained by 
demographic factors. Significantly more girls 
than boys who take the SAT come from low 
socioeconomic backgrounds, the variable 
that has the greatest influence on standardized 
test results. Eliot also discusses how test tak- 
ers can be affected by stereotype threat—the 
tendency for individuals who are negatively 
stereotyped to underperform on various tests. 
Thus, at least some of the performance dif- 
ferences identified by researchers are more 
apparent than real. 

Nevertheless, Eliot acknowledges that 


bona fide cognit- 
ive “gaps” do exist 
between boys and 
girls. These gaps are 
initially quite small— 
girls begin talking a 
couple of months earli- 
er, for example; boys 
tend to have better spa- 
tial reasoning skills by 
age five. These differ- 
ences quickly lead to 
positive feedback loops: 
Children enjoy, and 
therefore practice, skills 
and activities they are 
good at, and this practice 
results in improved performance. As Eliot 
phrases it, the brain wires itself “in large meas- 
ure according to the experiences in which it 
is immersed from prenatal life through ad- 
olescence.” Parents and teachers, however, 
are frequently ignorant of these dynamics, 
misinterpreting the ever-widening boy-girl 
achievement gaps as the basis for self-fulfilling 
prophecies and stereotypes. 

Only two weaknesses detract from the 
book’s many strengths. The title—perhaps 
chosen for marketing appeal—misleadingly 
suggests the opposite of Eliot’s thesis. More 
problematic, Eliot mentions her own children 
throughout the book, sometimes to illustrate 
substantive points. This kind of anecdotal evid- 
ence is at odds with her otherwise scrupu- 
lous marshalling of experimental data, and it 
also raises the ethical issue of whether chil- 
dren are truly able to give permission for hav- 
ing their lives revealed in a book written by 
one of their parents. 

Eliot’s p edagogical prescriptions are 
straightforward and logical. She sees few 
merits and several disadvantages to single- 
gender classrooms and schools. Instead— 
given her contention that virtually all skills 
can be learned—she urges parents and edu- 
cators to take advantage of the brain’s plas- 
ticity by providing children with a wealth of 
experiences, especially ones that will stretch 
them beyond their natural aptitudes. Consid- 
ering the nonsense already in print (much of 
it erroneously presented as scientific fact), Pink 
Brain, Blue Brain should be required reading 
for anyone who wants a more thoughtful con- 
sideration of how the brains of boys and girls 
do—but mostly do not—differ. 
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COMPUTER SCIENCE 


Accessible Reproducible Research 


Jill P. Mesirov 


goals: (i) to announce a result and (i1) to 

convince readers that the result is cor- 
rect. Mathematics papers are expected to con- 
tain a proof complete enough to allow knowl- 
edgeable readers to fill in any details. Papers 
in experimental science should describe the 
results and provide a clear enough protocol to 
allow successful repetition and extension. 

Over the past ~35 years, computational 
science has posed challenges to this tradi- 
tional paradigm—from the publication of 
the four-color theorem in mathematics (/), 
in which the proof was partially performed 
by a computer program, to results depending 
on computer simulation in chemistry, mate- 
rials science, astrophysics, geophysics, and 
climate modeling. In these settings, the sci- 
entists are often sophisticated, skilled, and 
innovative programmers who develop large, 
robust software packages. 

More recently, scientists who are not them- 
selves computational experts are conducting 
data analysis with a wide range of modular 
software tools and packages. Users may often 
combine these tools in unusual or novel ways. 
In biology, scientists are now routinely able 
to acquire and explore data sets far beyond 
the scope of manual analysis, including bil- 
lions of DNA bases, millions of genotypes, 
and hundreds of thousands of RNA measure- 
ments. Similar issues may arise in other fields, 
such as astronomy, seismology, and meteo- 
rology. While propelling enormous progress, 
this increasing and sometimes “indirect” use 
of computation poses new challenges for sci- 
entific publication and replication. Large data 
sets are often analyzed many times, with modi- 
fications to the methods and parameters, and 
sometimes even updates of the data, until the 
final results are produced. The resulting pub- 
lication often gives only scant attention to the 
computational details. Some have suggested 
these papers are “merely the advertisement of 
scholarship whereas the computer programs, 
input data, parameter values, etc. embody the 
scholarship itself” (2). However, the actual 
code or software “mashup” that gave rise to the 
final analysis may be lost or unrecoverable. 

For example, colleagues and I published 
a computational method for distinguishing 


S cientific publications have at least two 
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between two types of acute leukemia, based on 
large-scale gene expression profiles obtained 
from DNA microarrays (3). This paper gen- 
erated hundreds of requests from scientists 
interested in replicating and extending the 
results. The method involved a complex pipeline 
of steps, including (i) preprocessing of the data, 
to eliminate likely artifacts; (ii) selection of 
genes to be used in the model; (iii) building 
the actual model and setting the appropriate 
parameters for it from the training data; 

(iv) preprocessing independent test data; and 
finally (v) applying the model to test its effi- 
cacy. The result was robust and replicable, and 
the original data were available online, but 
there was no standardized form in which to 
make available the various software com- 
ponents and the precise details of their use. 


Reproducible Research 

This experience motivated the creation of a 
way to encapsulate all aspects of our in silico 
analyses ( 3) in a manner that would fa- 
cilitate independent replication by another 
scientist 

(4). Computer and computational scientists 
refer to this goal as “reproducible research” 
(5), a coinage attributed to the geophysicist 
Jon Claerbout in 1990, who imposed the stand- 
ard of makefiles for construction of all the 
figures and computational results in papers 
published by the Stanford Exploration Pro- 
ject (6). Since that time, other approaches 
have been proposed (7—/4), including the 
ability to insert active scripts within a text 
document ( /5) and the use of a markup lan 
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As use of computation in research grows, 
new tools are needed to expand recording, 
reporting, and reproduction of methods 
and data. 


guage that can produce all of the text, figures, 
code, algorithms, and settings used for the 
computational research (/6). Although these 
approaches may accomplish the goal, they 
are not practical for many nonprogramming 
experimental scientists using other groups’ or 
commercial software tools today. 

A similar challenge was encountered 
more than 20 years ago when scientists want- 
ing to access data from remote computers 
had to write their own retrieval programs. 
The solution was the invention of the World 
Wide Web (/7), together with the concept of 
“Web browsers” such as MOSAIC (/8) and 
its successors. The approach was so effective 
that we now take it for granted. 

In the same spirit, we need a paradigm that 
makes it simple, even for scientists who do not 
themselves program, to perform and publish 
reproducible computational research. Toward 
this end, we propose a Reproducible Research 
System (RRS), consisting of two components. 
The first element is a Reproducible Research 
Environment (RRE) for doing the computa- 
tional work. An RRE provides computational 
tools together with the ability to automatically 
track the provenance of data, analyses, and 
results and to package them (or pointers to per- 
sistent versions of them) for redistribution. The 
second element is a Reproducible Research 
Publisher (RRP), which is a document-prepa- 
ration system, such as standard word-process- 
ing software, that provides an easy link to the 
RRE. The RRS thus makes it easy to perform 
analyses and then to embed them directly into a 
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paper. A reader can readily reproduce the ana- 
lysis and, in fact, can extend it within the doc- 
ument itself by changing parameters, data, 
filters, and so on. 

A simple form of this concept is embedded 
in most word processors: When one “clicks” 
on a spreadsheet embedded in a document, 
an active spreadsheet will “pop up,” which 
allows the reader to fill in new numbers, 
propagate formulas, and create new charts, 
all without leaving the document. This can 
be thought of as a rudimentary RRS, involving 
linkage between an RRE (the spreadsheet 
program) and an RRP (the word processor). 


GenePattern-Word RRS 

In collaboration with researchers at 
Microsoft, my coauthors and I (4) 
conceived and created a user-friendly 
version of an RRS. The RRE is the 
GenePattern computational genomics 
environment (/9), and the RRP is an 
adaptation of Microsoft Word that can link 
to GenePattern ( 20). Other “quantitative 
programming environments” ( 8) might 
serve as the RRE, and other document 
preparation environments could, with appro- 
priate modifi-cation, serve as the RRP ( 2/). 

GenePattern is an environment that allows 
analysis of genomic data sets by (i) creating 
pipelines by “connecting” modules, from a 
large library of over 120 tools; (ii) defining 
parameters for analysis; and (iii) specifying 
the data sets to be used. These “analytic work- 
flows” can be created through a user-friendly, 
graphical user interface without writing any 
computer code; they can then be executed on 
a GenePattern server running on the research- 
er’s desktop, a larger departmental machine, 
or a high-performance compute farm. Gene- 
Pattern automatically tracks the versions of 
modules and pipelines, captures the history of 
users’ analytic sessions, and can generate the 
corresponding pipelines (including parameters 
and input data files) from user output files, as 
well as package them for redistribution. In this 
way, a nonprogramming scientist can create 
fully reproducible in silico research. 

The combined GenePattern-Word RRS 
embeds the functionality of GenePattern 
pipelines within a Microsoft Word document 
(figs. S1 to $4). By using a menu in the word 
processor, an author can link text, tables, and 
figures to previously executed GenePattern 
pipelines comprising the entire analysis and 
data that yielded those results (22). Pipelines 
and data can then be stored in their entirety 
within the document or (for space or runtime 
considerations) as a pointer to their location 
on the Web. 

Similarly, a reader of the document can 
open a dashboard within the word 


to view the GenePattern pipelines. When one 
selects a table or figure, the word processor 
displays the pipeline that produced it. Just as 
with opening a spreadsheet, the reader can 
directly connect to a GenePattern server to 
rerun the calculation, change parameters, or 
apply the method to other data. The reader 
can save the exploratory results within the 
document, along with their provenance (for 
replication) and annotated text. The doc- 
ument can then be sent to a colleague. 


Conclusion 

The GenePattern-Word RRS system described 
here is intended as an example. Scientists who 
employ stochastic simulations would benefit 
from RRSs designed to capture 

simulations, including the initialization 
parameters. Commercial vendors of software 
packages used by the research community 
could (and should) develop RRS versions 
of their codes. Critical to a robust RRS is 
the automated tracking and maintaining of 
code versions so that, as methods evolve, 
the computations can still be repeated. High- 
performance codes may involve special 
requirements for processing and storage. 
Equally important may be the hardware 
configuration, operating system version, 
compiler version, and so on for full 
provenance of a complex piece of software. 
Although we have focused here on new 
software systems as a foundation for repro- 
ducible research, it is important to note that 
data integrity and persistence are also critical 
concerns ( 23). 

The centrality of the role of computa- 
tion in science—from molecular biology to 
the social sciences (24)—calls out for a new 
model for the way we publish our results. Just 
as it is routine to include references in our 
papers, we should also include our complete 
computational methods. Journals can play 
a key role in making this a requirement for 
publication. To facilitate this, we need simple, 
intuitive ways to both capture and embed our 
computational work directly into our papers. 
The value of such tools goes beyond mere 
documentation. They will encourage the next 
generation of scientists to become “active” 
consumers of scientific publications— 
not just looking at the figures and tables, but 
running computational experiments to probe 
the results as they read the paper. 
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MICROBIOLOGY 


Subversion from the Sidelines 


Nisheeth Agarwal and William R. Bishai 


ycobacterium tuberculosis, which 
M kills 1.7 million people annually, is 

a pathogen that proliferates within 
macrophages of the immune system. The gran- 
uloma—the hallmark lesion of tuberculosis— 
forms from repeated waves of macrophages 
that arrive at the site of infection to combat the 
pathogen, only to be themselves infected by 
bacteria multiplying within their dying prede- 
cessors. A central tenet in the characterization 
of tuberculosis has been that the granuloma 
represents a host defense response that con- 
tains the infection. But could the beneficiary 
of granuloma formation be the pathogen itself 
rather than the host? On page 466 in this issue, 
Volkman ef al. show that a secreted bacterial 
peptide and secreted host cell protein are key 
to stimulating early granuloma development 
and maintaining the infection (/). The simplest 
interpretation is that the pathway constitutes a 
deliberate pro-granulomatous virulence mech- 
anism that benefits the bacteria. 

To evaluate the early events of granuloma 
formation, Volkman et al. used the natural 
host-pathogen pair, Mycobacterium mari- 
num and the zebrafish model organism. The 
authors engineered a strain of M. marinum 
lacking a genomic region called the region of 
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Peripheral participants. The findings of Volkman et al. suggest a scenario of 
tuberculosis development in which mycobacteria that have been engulfed by 
macrophages at the initial site of infection release ESAT-6. ESAT-6 stimulates 
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difference—1 (RD1) locus, thus rendering the 
bacterium akin to the tuberculosis live-atten- 
uated vaccine strain, bacille Calmette-Guérin 
(BCG). The RD1 locus encodes two key pro- 
teins—early secretory antigen—6 (ESAT-6) 
and culture filtrate protein—10—as well as 
a putative apparatus that may facilitate their 
secretion; the absence of this locus in the vac- 
cine strain accounts for some of its attenuated 
phenotype (2, 3). Volkman et al. observed 
reduced expression of the enzyme matrix 
metalloproteinase—9 (MMP-9) in zebrafish 
infected with the RD1 deletion strain. MMP-9 
belongs to a superfamily of over 20 matrix- 
modifying proteases. Although they are 
important for the pathogenesis of tuberculous 
meningitis and pleurisy, and are candidate 
effectors in the pathogenesis of lung cavities 
in tuberculosis (4), a role for these proteases 
in early granuloma formation has been largely 
eclipsed by attention on proinflammatory 
cytokines released from macrophages and T 
cells in the granuloma itself. MMP-9 expres- 
sion was detected mainly in epithelial cells 
located near the edge of granulomas. Although 
in vitro models of tuberculosis infection have 
detected MMP-9 expression in epithelial cells 
(5), Volkman et al. demonstrate that inhibiting 
MMP-9 in infected zebrafish embryos both 
reduced granuloma formation and reduced 
bacterial proliferation, thus showing a causal 
role for the protease in disease pathogenesis. 


Lymphocyte 


Epithelial cell 


A bacterial peptide subverts epithelial cells, 
resulting in a remodeling that promotes the 
early progression of tuberculosis. 


Earlier findings that the RD1 deletion strain 
of M. marinum does not elicit normal granu- 
loma formation and survives poorly in the 
zebrafish host (6) suggested that the ability to 
induce granuloma development enhances sur- 
vival of the bacteria. Similarly, an M. tuber- 
culosis mutant (lacking an adenylate cyclase 
enzyme) yielded an infection with deficient 
granuloma formation and enhanced bacterial 
survival in mice (7). Until now, data such as 
these formed the basis of a chicken-and-egg 
debate: Are such bacterial mutants innately 
attenuated, leading to reduced granulomatous 
immune responses? Or do the wild-type strains 
of these bacteria possess deliberate virulence 
factors (e.g., RD1-associated proteins and ade- 
nylate cyclase) that promote granuloma forma- 
tion because granulomas benefit the microbe’s 
pathogenesis plan? 

Volkman et al. determined that the bacterial 
virulence factor ESAT-6, generated by bacteria 
that have been engulfed by macrophages, elic- 
its the secretion of a noncytokine host factor 
(MMP-9), and that both elements are required 
for granuloma formation (see the figure). Even 
more remarkably, the MMP-9 comes primar- 
ily from bystander epithelial cells peripheral 
to the granuloma, not from macrophages or 
other cells within it. The injection of purified 
ESAT-6 into granulomas in zebrafish induced 
MMP-9 expression in surrounding epithelial 
cells. Thus, the two secreted proteins comprise 
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bystander epithelial cells on the periphery of the infection site to produce MMP- 
9, which attracts naive macrophages. Recruited macrophages become infected, 
resulting in bacterial proliferation and granuloma expansion. 
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a virulence mechanism that benefits the bac- 
teria early in granuloma formation. This may 
permit an early, synergistic phase of unim- 
peded bacterial proliferation, whereas later in 
the infection, the pathogen must face the host’s 
acquired cell-mediated immune response, 
which is bacteriostatic. 

Further work will need to confirm that 
ESAT-6—mediated induction of MMP-9 secre- 
tion can be reproduced in other systems, 
including cultured epithelial cells in vitro. It is 
also unclear how ESAT-6 reaches the epithelial 
cells. If ESAT-6 migrates extracellularly, this 
would provide a point of vulnerability because 
neutralizing antibodies might interrupt the 
pathogenic signal. However, ESAT-6—based 
tuberculosis vaccines have not shown dramatic 
effectiveness in animal models (8). Clearly, the 
findings from the M. marinum—zebrafish sys- 
tem must be translated to M. tuberculosis and 
mammalian models. 

With case rates of multidrug-resistant and 
extensively drug resistant tuberculosis at 5 and 
0.5%, respectively, there is an urgent need for 
new drugs (9). Importantly, the results of Volk- 
man ef al. reveal at least two new therapeutic 
opportunities. Whereas traditional antimicro- 
bial compounds kill bacteria, a new antiviru- 
lence approach would inhibit or neutralize crit- 


ical microbial virulence factors. Examples of 
antivirulence strategies include antitoxin thera- 
pies for diphtheria, botulism, and tetanus, and 
a small molecule that blocks cholera pilus and 
toxin expression (/0). ESAT-6 may be just such 
an antivirulence target; though clearly dispens- 
able for bacterial viability, the granuloma pro- 
gram of the pathogen is crippled without it. 

A second therapeutic avenue may be host- 
directed therapy. Although routinely used for 
managing infectious diseases such as pediat- 
ric meningitis (with corticosteroids and anti- 
biotics) and hepatitis C (with the cytokine 
interferon-o-2b and antivirals), the concept 
of correcting host responses that are subverted 
by pathogen virulence strategies has not been 
fully exploited. The findings of Volkman et 
al. point to MMP-9 as a host target to inhibit 
in tuberculosis. Inhibitors of these proteases 
are already being developed as therapeutics 
for common noninfectious diseases such as 
osteoarthritis, chronic obstructive pulmonary 
disease, cirrhosis, metastatic cancer, and myo- 
cardial infarction. Indeed, there is evidence that 
MMP-9-deficient mice may be naturally resis- 
tant to M. tuberculosis (11). Moreover, host- 
directed therapies would not be plagued by the 
emergence of rapid resistance due to overuse, 
as is the case with drug-resistant staphylo- 


cocci, enterococci, and mycobacteria. 

Sixteen years ago, “Remodeling schemes 
of intracellular pathogens” ( /2) highlighted the 
finding that once engulfed by a macrophage (and 
internalized into the cell’s phagosome compart- 
ment), M. tuberculosismodifiesitsintracellular en- 
vironment to facilitate its survival and prolifer- 
ation (13). Volkman et al. show that beyond 
altering its intracellular environment, this 
pathogen harbors a sinister scheme to remodel 
its tissue environment as well. 
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CLIMATE 


Drylands in the Earth System 


David S. Schimel 


rid regions (or drylands) cover about 
45% of Earth’s land surface; in most 
classifications of ecosystem types, 
they constitute the largest biome on the planet. 
Yet the global change literature is dominated 
by other ecosystems, particularly the humid 
tropics, with high deforestation rates and high 
biodiversity levels, and the Arctic regions, 
with high rates of warming and huge stocks 
of vulnerable carbon. Drylands are less stud- 
ied because they seem to have low rates of bio- 
logical activity and sparse biota. On page 451 
of this issue, Rotenberg and Yakir (/) present 
evidence that contradicts this received wisdom. 
The dryland Yatir Forest in Israel takes up car- 
bon at rates similar to those of pine forests in 
continental Europe. 
For the past decade, Yakir and co-work- 
ers have studied carbon, water, and energy 
exchange in one of the world’s driest forests. 
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Rotenberg and Yakir now analyze how the Yatir 
Forest maintains productivity despite severe 
temperature and water stress. They argue that 
an adjustment of forest metabolism to ambi- 
ent conditions reduces the impact of climate 
on carbon flux. Yatir’s net carbon uptake [2.3 
metric tons per hectare (t/ha)] is slightly higher 
than that of the average European pine forest (2 
t/ha) and only slightly lower than the mean for 
all pine forests globally (2.5 t/ha). 

How does a forest growing in a hot, dry 
environment sustain such high rates of carbon 
uptake? Several mechanisms contribute to the 
high levels of activity. First, although photosyn- 
thesis rates in this system are moderate relative 
to the range of fluxes observed globally, respira- 
tion is low (possibly because low soil moisture 
inhibits decomposition), resulting in a carbon 
storage efficiency 60% higher than the average 
of global data. 

A second explanation lies in the timing 
of biological activity. The rates of carbon 
exchange in the Yatir Forest peak early in the 
spring, when temperatures are far below their 


A study of one of the world’s driest forests 
elucidates the climatic effects of drylands. 


midsummer highs. The local vegetation is 
adapted to achieve peak photosynthesis rates 
at springtime temperatures around 14°C and 
to be relatively dormant during the midsum- 
mer highs of 25°C and above. A series of sites 
from high northern latitudes through south- 
ern Europe also had peak carbon exchange 
rates at similar temperatures (16° to 18°C) 
[data cited in (/)]. However, in most ecosys- 
tems, peak photosynthesis rates occur near 
maximal temperatures. 

Peak rates of carbon uptake are a key control 
over annual uptake; the other key control is the 
length of the growing season (when the system 
gains carbon) relative to the dormant season 
(when the system loses carbon) (2). The dis- 
placement of peak growth to early spring in the 
Yatir Forest results in a growing season length 
similar to other coniferous forest ecosystems, 
also contributing to Yatir’s carbon uptake. 

Rotenberg and Yakir expose an important 
set of emergent controls over carbon metabo- 
lism globally. The work reinforces the need to 
conduct research in extreme and marginal envi- 
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ronments to expand the scale over which pro- 
cesses are observed. 

The authors extend their analysis to consider 
other pathways through which forests influence 
climate and to elucidate the role of drylands in 
the overall surface energy budget of Earth’s 
land surface. Since Bonan ef al.’s seminal 1992 
study (3), it has been known that tree cover 
affects the local radiation balance, with impor- 
tant consequences for climate. Forests are dark 
and absorb incoming solar radiation, convert- 
ing it into energy for photosynthesis and heat 
and thereby causing local warming. Bonan et 
al.’s computer simulation explored eliminating 
the dark boreal forest cover and thereby expos- 
ing the bright, highly reflective snow. The bright 
surface reflects more of the incoming sunlight, 
cooling the surface. Rotenberg and Yakir now 
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report a real-world analog 
to this computer-enabled 
thought experiment. 
Desertification exposes 
the bright soil surface, 
which reflects sunlight, 
much as in the boreal sim- 
ulation. At the same time, 
increased convection over 
dryland forests such as the 
Yatir cools the surface, 
reducing outgoing ther- 
mal radiation but increas- 
ing the radiative forcing 
on the overlying regional 
atmosphere and likely increasing air tempera- 
tures aloft. Whereas desert surfaces are hotter 
than vegetated ones, the atmosphere overlying 
the desert cools with altitude more quickly and 
is cooler overall. Paradoxically, desertification 
has thus likely contributed local cooling to off- 
set the global warming from the carbon release 
that occurs when dryland forests are cleared. 
Although modern humanity has a hard 
time realizing it, the climate system has 
never been unchanging. Human activities 
have long been a driver of change in the 
Earth system and will continue to be for the 
foreseeable future (4). Rotenberg and Yakir’s 
study of the arid Yatir Forest shows how 
recent desertification has affected local tem- 
peratures and global climate. It also provides 
a perspective on how humans and the cli- 


Amoeba-Inspired Network Design 


Wolfgang Marwan 


he ability to self-optimize is one of the 

fundamental properties of living organ- 

isms. Adaptive self-optimization in 
the course of biological evolution is an obvi- 
ous phenomenon, although it occurs on a time 
scale of millions of years. On page 439 of this 
issue, Tero et al. (1) describe a model system 
where self-optimization of cell morphology 
in response to a chosen experimental situation 
can be directly observed and mathematically 
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quantified as it occurs on a time scale of hours 
to a few days. These living cells display adap- 
tive behavior of the sort that may be desired for 
scalable, multicomponent networks that are 
supposed to function robustly in the absence of 
central control mechanisms. Self-organization, 
self-optimization, and self-repair as it naturally 
occurs in the slime mold Physarum polyceph- 
alum are capabilities that may be required for 
technological systems such as mobile commu- 
nication networks or networks of dynamically 
connected computational devices. 

The Physarum microorganism (a plasmo- 
dium) used by Tero et al. is a multinucleate 
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The Yatir Forest from space. The dark color of the forest contrasts with the surrounding, 
desertified landscapes. The Yatir, which covers about 30 km?, warms its local environment 
by absorbing incoming solar radiation, whereas the surrounding bright desert landscapes 
reflect more of the incoming radiation to space. Today, the Yatir shows up as a green 
anomaly in a vast desert landscape, but in biblical times, this entire region was forested. 


mate system have interacted over millennia. 
More than 3000 years ago, at the dawn 
of the human modification of the Earth sys- 
tem, the Israelites entered Canaan (modern- 
day Lebanon, Israel, and the Palestinian ter- 
ritories) and were commanded by Joshua to 
“go up into the forest country and clear an 
area for yourselves there” [Joshua 17:15; see 
also (5)]. Those early settlers released carbon 
as they cleared forests, thereby changing 
the albedo, affecting the surface energy 
balance, and altering the local climate. The 
modern-day Yatir Forest was planted in 1964 
by the Jewish National Fund and—as Roten- 
berg and Yakir document—has substantially 
modified the local climate. A global program 
of dryland reforestation may initially cause 
regional warming as these new forests modi- 
fy the surface energy balance, but will pay 
dividends in the long term as these forests 
become substantial global carbon sinks. 
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Computational models of biological 
self-organizing systems may have real-world 
applications for optimizing dynamic 
technological networks. 


single cell that continually grows as long as 
nutrition is available. During growth, multi- 
ple nuclear divisions occur but the growing 
cell does not divide, so that all nuclei remain 
suspended in a single contiguous cytoplas- 
mic volume. When the plasmodium grows on 
a nutrient-rich substratum, it covers the sur- 
face as a coherent layer (like a pancake). If 
nutrition becomes limited, it forms fenestrae 
and finally transforms into a network of inter- 
connected veins that enclose the entire cyto- 
plasmic volume (see the figure). Each vein 
is a gel-like tube covered by a cell mem- 
brane and contains a core of fluid cytoplasm. 
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Adaptive network formation. The slime mold Physarum polycephalum is a single-cell organism that forms 
a veined network that explores the available space and connects food sources (left). Understanding the for- 
mation and behavior of this type of biological adaptive network may inform the development of real-world 
dynamic technological networks such as mobile communication networks or transportation systems, such as 
the Tokyo rail system (right). 


By rhythmic contraction of its cytoskeleton, 
cytoplasm is continually pumped through 
these veins, and this continuous mixing seems 
to be the reason why all nuclei proceed syn- 
chronously through the cell division cycle. 
The network architecture is highly dynamic. 
Veins change in thickness, they may form and 
vanish again, and the plasmodium as a whole 
can crawl over its substratum, moving over 
centimeters in a couple of hours. Plasmodia 
usually do not dissociate. If food sources are 
spatially separated, such as oat flakes scat- 
tered over a wet surface, the plasmodial 
veins attempt to connect these food sources 
along the shortest possible pathways, even 
finding optimized paths through a maze (2). 
How this optimization is performed in terms 
of molecular mechanisms remains a chal- 
lenging question. 

Tero et al. present a surprisingly simple 
mathematical model for the development of 
a network of veins connecting multiple pur- 
posefully placed food sources. In their exper- 
iment, cities around Tokyo were represented 
as oat flakes on a wet surface that was inocu- 
lated with Physarum. Plasmodial veins con- 
nected these oat flakes by forming an opti- 
mized network closely approaching the pur- 
posefully designed Tokyo railway system. 

Networks of plasmodial veins form with- 
out any central control mechanism that might 
instruct the organism about the relative posi- 
tion of the oat flakes or tell it how to connect 
them. The self-optimization algorithm that 
drives this morphogenesis works equally effi- 
ciently for networks with few or many nodes 
(oak flakes). The absence of central control 
mechanisms inspired Tero ef al. to design a 
corresponding computational model capable 
of adaptive network design. Using a simple 
and robust algorithm, the model generates 
in silico networks that closely resemble those 
formed by the plasmodium. It is essentially 
based on feedback loops between the thick- 
ness of each tube and the cytoplasmic flow 
through the respective tube, where streaming 


rate positively influences tube diameter and 
thus its transport capacity for cytoplasm. The 
dynamics and adaptability of the network 
structure are the direct results of the iteration 
of these local rules. The described algorithm 
or similar ones may provide general solutions 
for developing real-world, fault-tolerant net- 
works without the need of a centralized con- 
trol system. 

In addition to inspiring next-generation 
engineering solutions, the work of Tero et al. 
offers a new approach to systems biology. It 
provides a simple mathematical model for a 
complex biological phenomenon—adaptive 
plasmodial shape control—involving growth, 


morphogenesis, and homeostasis coordinated 
with maintenance, self-optimization, and self- 
repair of morphological and functional struc- 
tures, the molecular and mechanistic bases of 
which are completely unclear. Even though 
the mathematical model has no basis in any 
specific molecular mechanism, it is nonethe- 
less beautifully useful. It quantitatively mim- 
ics phenomena that are fundamental to any 
living system—phenomena that can be nei- 
ther captured nor quantified by verbal descrip- 
tion alone. Because the model has a number of 
tunable parameters that can be determined by 
computational fitting of experimental data, it 
provides objective readouts (e.g., to search for 
mutants that display quantitative alterations). 
Are there genes specifically involved in self- 
optimization, self-organization, or self-repair? 
Can molecular circuits be identified, and if so, 
how are they built, how do they function, and 
how are they linked to other regulatory sys- 
tems at the single-cell level? Addressing these 
questions may lead to yet undiscovered fun- 
damental functionalities in living cells and 
unravel their molecular basis. 
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And Then There Were None? 


Richard G. Roberts' and Barry W. Brook’? 


Direct dating of fossils of the putative last survivors of the Australian megafauna supports claims 
that they were extinct by 40 thousand years ago and not later. 


iant marsupials, reptiles, and flight- 

less birds once inhabited Australia 

(see the first figure). But 23 of the 24 
genera of these megafauna disappeared in the 
late Pleistocene (~125 to ~12 thousand years 
ago). Most Australian megafauna appear to 
have survived until 51 to 40 thousand years 
ago, with human impact by hunting or vegeta- 
tion change proposed as the extinction drivers 
(/--4). Yet, one site has stood out as an anom- 
aly: Cuddie Springs in interior New South 
Wales. Persistent claims have been made that 
this site contains megafauna fossils associ- 
ated with stone tools in sediments deposited 
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40 to 30 thousand years ago (5—7), thus indi- 
cating prolonged overlap between people and 
megafauna. These claims have been chal- 
lenged (2, 8) based on concerns about pos- 
sible reworking of fossils from older depos- 
its. To resolve this conundrum, Griin et al. 
(9) have now directly dated the fossils them- 
selves. The results provide no evidence for 
the late survival of megafauna at the site. 
Cuddie Springs is an ephemeral lake in 
the Australian semiarid zone. Fossils were 
originally discovered when digging wells for 
water. Many more have since been exhumed 
from the claypan, including the remains of 
the giant bird Genyornis newtoni, the three- 
ton Diprotodon optatum (the largest marsu- 
pial ever to roam Australia), and a range of 
supersized kangaroos. The fossils found in 
the same sedimentary layers as stone tools 
(stratigraphic unit SU6; see the second fig- 
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ure) have attracted most recent 
attention. The lack of pre- 
served collagen has prevented 
these fossils from being dated 
directly by radiocarbon meth- 
ods (8). Instead, their antiquity 
has been inferred from radio- 
carbon dating of charcoal frag- 
ments and from optical dating 
of quartz grains found along- 
side the bones and stones. The 
ages range from 40 to 30 thou- 
sand years ago, but show no 
pattern of increasing age with 
depth. Optical dating of indi- 
vidual sand grains revealed 
that some were incorporated 
in the past 12,000 years, indi- 
cating recent intrusion of sed- 
iment into SU6 (2). Immedi- 
ately below the lowest arti- 
facts, but separated in time 
by several tens of millennia, 
is a geological discontinuity, 
which represents a former land surface. 

Sidestepping the question of whether the 
fossils are associated with the dated charcoal 
and sediment grains, Griin et al. (9) directly 
date the teeth of several species of extant 
and extinct fauna with electron spin reso- 
nance (ESR) and uranium-series methods. 
Both methods are sensitive to the postdepo- 
sitional history of uranium uptake by the den- 
tal tissues, but to varying extents. Minimum 
ages can be determined by assuming that all 
the uranium was absorbed soon after burial; 
tighter constraints can be made for teeth with 
sufficient uranium by modeling its uptake to 
obtain combined uranium-series/ESR ages. 

Using this multifaceted strategy, Griin et 
al. found that none of the dated megafauna 
in SU6 were younger than 50 thousand years; 
even the remains of extant taxa were older 
than 40 thousand years (see the second fig- 
ure). SU6 also contained three teeth that dated 
to the middle Pleistocene (~780 to ~125 thou- 
sand years ago). Clearly, at least some of the 
megafauna teeth in SU6 are derived from 
older deposits, possibly due to well-digging 
or lateral displacement. 

While making these measurements, 
Griin et al. also discovered a flaw in a geo- 
chemical argument used previously to sup- 
port the hypothesis that the Cuddie fossils 
have not been redeposited (5). This interpre- 
tation was based on the similarity in the rare 
earth element chemistry of the bones and 
surrounding sediments. From their profil- 
ing of uranium and thorium concentrations 
in bone, Griin et al. conclude that the rare 
earth element signatures do not reflect the 
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composition of the bone itself. Instead, these 
signatures mirror the geochemistry of the 
surface coatings and dirt trapped in cracks 
and pores, which could have formed long 
after the bones had been eroded from the 
sedimentary layers that originally contained 
them, and redeposited in SU6. 

This redating of the Cuddie Springs fos- 
sils (9) brings the site into agreement with the 
51- to 40-thousand-year extinction interval 
that captures the last survivors elsewhere in 
Australia (/—4, 10, 11). Claims for sites con- 
taining younger megafauna—such as Nombe 
Rockshelter, Seton Rockshelter, and Cloggs 
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Past Australian megafauna. Animals that once called Australia home include (clockwise from top left) Genyornis; Diprotodon; 
Procoptodon (the largest-ever kangaroo); the thylacine (which survived in Tasmania until 1936); Thylacoleo (the biggest mar- 
supial carnivore); and the giant lizard, Megalania. 


Cave (6, 7)—should be considered suspect, 
pending dating using modern methods, pref- 
erably on the fossils themselves, as applied 
elsewhere (/, 4, /0, 11). Reliable ages for 
redeposited remains can be determined only 
by direct dating. 

So what brought down the Australian 
megafauna? Given that people arrived in 
Australia sometime between 60 and 45 thou- 
sand years ago, human impact was likely the 
decisive factor. Humans may have caused the 
demise of the megafauna in two main ways: 
hunting—possibly of juveniles at rates as 
low as one kill per person per decade, termed 

“imperceptible overkill” 
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(12)—and habitat disturbance, 
most likely by burning veg- 
etation (3). Vegetation change 
seems to have accompanied 
the downfall of Genyornis in 
central Australia (/, 3), but not 
necessarily elsewhere (4, /3). 
Climate change—specifically 
increased aridity—may have 
reinforced the human impact, 
but the Australian megafauna 
were well adapted to dry con- 
ditions (/3), having survived 
repeated droughts before suc- 
cumbing during a period of 
comparatively benign climate 
(2, 4, 11, 14). 

Recent findings on the 
North America megafauna 
may have implications for the 
earlier Australian extinctions. 
Using spores of a dung fungus 
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to track megafauna abundance, Gill et al. (15) 
showed that herbivore populations collapsed 
shortly before the onset of vegetation change 
and increased fire. The same chain of events 
may have occurred earlier in Australia, but 
over a time span too fine to be resolved by 
current dating methods. Recovery of ancient 
DNA from sediments has also revealed that 
mammoths and horses survived much later 
in North America than indicated by the fossil 
record, owing to the improbability of finding 
and dating fossils of the last survivors, espe- 
cially in dwindling populations (/6). Appli- 
cation of these types of approaches in Austra- 


lia may further refine the timing of the events 
leading up to extinction and provide sharper 
insights into the likely drivers of this ecolo- 
gical catastrophe. 
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GEOCHEMISTRY 


Adjusting the Solar System's 


Absolute Clock 


J. N. Connelly 


eteorites and their com- 
ponents provide the only 
means to study the circum- 


stances and processes that gave rise 
to our solar system. But the task of 
unraveling our origins is by no means 
straightforward. A single undiffer- 
entiated meteorite—a chondrite— 
typically contains matrix and inclu- 
sions formed over a wide range of 
conditions and time before eventu- 
ally being accreted into a single body. 
Understanding this complex assem- 
blage, especially over the critical first 
10 million years, allows the formu- 
lation of models of the spatially and 
temporally evolving thermochemical 
conditions that gave rise to the solar system. 
Geochronology—the determination of ages 
of events recorded by meteorites—provides 
the requisite temporal information. Although 
advances have been made over the past decade 
in this field, on page 449 of this issue, Bren- 
necka et al. () present data suggesting that 
a basic assumption for the use of the U-Pb 
chronometer in geochronology, the golden 
spike for deep time, may be incorrect. 

Two types of chronometers are used to 
measure the ages of ancient meteorites. So- 
called relative chronometers are based on 
the rapid decay [half-lives <10 million years 
(My)] of now extinct, short-lived radioiso- 
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topes that were created either just before or 
during the formation of the solar system. 
These relative chronometers, such as *!Ca- 
NK, 76Al-°Mg, 3Mn-3Cr, Fe-°Ni, and 
'SHf-'8W, require that the initial abundances 
of the parent radioisotope are known and that 
it was homogeneously distributed throughout 
the solar system. The short half-lives of these 
extinct nuclides have the potential to provide 
the most precise age estimates for the first 10 
My. But the recent discovery of large-scale 
isotopic variability of nucleosynthetic origin 
for elements of contrasting volatility among 
different meteorite groups (2) casts doubts on 
the assumption of homogeneous distribution 
of short-lived radioisotopes. 

Absolute chronometers are based on long- 
lived radioisotopes so that the present-day 
parent-daughter ratio in a sample provides an 


The recent demonstration that a basic 
assumption in using isotope decay to measure 
the age of meteorites is incorrect has profound 
implications for dating the early solar system. 


Setting a date. In the inverse Pb-Pb dia- 
gram, the radiogenic *°’Pb/?°°Pb ratio 
[(?°"Pb/°SPb),] can be calculated by pro- 
jecting a line through data points with 
variable mixtures of radiogenic Pb and 
initial Pb to the y intercept, where the 
initial Pb is theoretically zero. This vari- 
ability is created by strategically analyz- 
ing related fragments, minerals, or acid 
leachates with variable U/Pb ratios. (Sub- 
script R refers to radiogenic; A, and i, 
represent the decay constants of 7°U and 
38), respectively; and t represents time.) 


age in years before present with no 
assumptions necessary regarding the 
initial inventory of the parent radio- 
isotope or its homogeneous distribu- 
tion. Of the absolute chronometers, only the 
U-Pb system has half-lives and systematics 
suitable for resolving events in the first 10 My 
of the solar system. In addition to its high reso- 
lution, the U-Pb system is unique in a second 
way. Two isotopes of U, #°U and **U, break 
down spontaneously at different rates (half- 
lives of 0.704 and 4.47 billion years) to pro- 
duce ”°’Pb and ?°Pb, respectively. 

If it is accepted (and it has been) that the 
238U/35U of all objects is 137.88, then one 
may calculate an absolute age knowing only 
the ratio of radioactively produced *°’Pb and 
206Pb (see the figure). This so-called Pb-Pb 
method is advantageous, if not necessary, 
because late alteration and/or laboratory 
treatment to remove ubiquitous contami- 
nant terrestrial Pb typically alters the U/Pb 
ratio so that the measured parent-daughter 
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ratios do not reflect those of a closed sys- 
tem. Because the Pb isotopic ratios remain 
unaffected by late alteration or laboratory 
treatment, the Pb-Pb age remains accurate 
despite any shifts in the U/Pb ratio that may 
have recently occurred. 

It has long been assumed that the solar 
system inherited a fixed inventory of galacti- 
cally derived *U and **°U that was homoge- 
neously distributed in the protosolar molec- 
ular cloud and that they were not measurably 
fractionated in natural systems. All ages 
reported in the literature today are based on 
this assumed fixed *%U/**U ratio. The isoto- 
pic composition of U is typically not mea- 
sured in samples owing to the technical chal- 
lenge of measuring the extreme 7*U/?*U 
ratio of small amounts of U sufficiently pre- 
cisely and the lack of evidence, despite prior 
attempts (3), that this ratio varies measurably 
in meteorites. But Brennecka et al. demon- 
strate that this assumption of a fixed U ratio 
is incorrect for some of the solar system’s 
oldest solids, calctum-aluminum-trich inclu- 
sions (CAIs), and that the ratio may vary up 
to 3000 parts per million from the accepted 
value of 137.88. This translates into a poten- 
tial age offset of 5 My for a given radiogenic 
ratio (7°’Pb/?*Pb),—or about 50% of the 
life span of the solar protoplanetary disk. 
They attribute this heterogeneity to the vari- 
able fractionation of short-lived *’7Cm that 


decays to 7*°U, by using Nd as a geochemical 
proxy for the now extinct Cm. 

Ages from a relative chronometer can 
be mapped into absolute time in the past 
when a single object is found to be suitable 
for both a Pb-Pb age and a relative age. For 
example, CAIs anchor the 7°Al-*°Mg sys- 
tem (4), whereas the differentiated basaltic 
angrite LEW 86010 provides the anchor for 
the “Mn-*Cr system (5, 6). If the short-lived 
nuclides were homogeneous and the “UU 
ratio was consistent, all ages from different 
chronometers for samples that behaved as a 
closed system should be concordant. But they 
are not. For example, age offsets of up to 3 
My exist between Pb-Pb ages and the avail- 
able relative chronometers for some rapidly 
cooled volcanic meteorites (7). 

Homogeneity of short-lived nuclides in 
the disk has commonly been singled out as 
the least robust assumption in geochronology, 
from which one can infer that the relative chro- 
nometers are most likely in error. But it is now 
possible that variations in the “*U/?*U ratio in 
meteorites and their components may, at least 
in part, be to blame for the discordances. How- 
ever, so far the offsets in the *8U/?*U ratio of 
CAIs reported by Brennecka et al. will only 
make the discordance between Pb-Pb ages and 
the relative chronometers worse. 

With the rapidly growing identifications 
of planets that orbit distant stars, and the tan- 
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talizing perspective of discovering an Earth- 
like world, understanding the sequence of 
events leading to the formation of the plan- 
etary bodies in our solar system has never 
been so relevant. Brennecka et al. convin- 
cingly relate for the first time the important 
discovery that U is isotopically variable in 
CAIs, implying that the currently accepted 
age for the formation of the solar system’s 
first solids ( 4) may be incorrect. At the same 
time, they have defined a new benchmark 
for high precision and accurate geochrono- 
logy: All future Pb-Pb studies must include 
°38U/35U ratios. Only then can we be certain 
that we have an internally consistent Pb-Pb 
chronometric database and a correct 
temporal framework within which to in- 
terpret meteorites and, in turn, understand 
the origins of our solar system. 
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MATERIALS SCIENCE 


Epitaxial Growth Writ Large 


Theodore L. Einstein’ and Timothy J. Stasevich? 


he performance of semiconductors in 

| device applications often depends on 
their crystallinity—the grain bound- 

aries and defects of a polycrystalline mate- 
rial interfere with transport of charge carri- 
ers. Single crystalline layers can be grown 
through epitaxy: Atoms are deposited from 
the gas phase on top of an existing crystal 
to form new layers. However, if the growth 
process is not well controlled or is too rapid, 
unwanted surface features, such as mounds, 
may form. Thus, the fabrication process 
relies heavily on monocrystalline growth 
of a single element. Models to find optimal 
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conditions for this process have been studied 
for a long time (/, 2) and have had to become 
increasingly sophisticated (3, 4). Insights 
from related processes involving molecules 
or even larger particles can test our under- 
standing of how epitaxy works and can be 
easier to observe directly. On page 445 of 
this issue, Ganapathy et al. (5) describe epi- 
taxial growth with colloidal spheres some 
four orders of magnitude larger than atoms. 
Models developed for atomic epitaxy can 
describe these processes, despite colloid- 
colloid attractions arising in a way very dif- 
ferent from atomic interactions. 

Models of epitaxial growth must account 
for how adsorbed atoms, called adatoms, 
interact with each other and the surface tem- 
plate, as well as the effects of different incom- 
ing fluxes F’ of atoms and different growth 
temperatures. Adatoms are trapped by attrac- 
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The technological goal of optimizing the 
controlled deposition of atomic monolayers 
is simplified by studying models of deposition 
of larger colloids. 


tive forces in wells of the corrugated surface 
potential but move when they have enough 
energy to “hop” over these barriers (see the 
figure, panel A). A minimal model describ- 
ing how adatoms move requires attractions 
between neighboring atoms (such as chemi- 
cal bonds) to create the potential wells and 
energy barriers to describe the hopping pro- 
cess. Analysis of the energy barriers helps 
in estimating the thermal surface diffusion 
coefficient D. The model must also account 
for the greater difficulty of atoms dropping 
over a step edge, because they must break 
even more bonds. In the simplest picture, this 
leads to the so-called “Ehrlich-Schwoebel” 
(ES) barrier (see the figure, panel B) (6, 7). 
For colloidal particles, attractive forces 
arise from a “depletion interaction.” Smaller 
surrounding polymer “depletants” have a hard 
time getting between closely spaced colloids, 
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and the depletion layer cre- 
ates a pressure imbalance that 
pushes the colloids together 
(8), creating an effective bond. 
This bond is broken when an Jy 
adsorbed colloid, or adcol- 
loid, hops between neighbor- 
ing sites. Unlike adatoms, the 
bond is very short range (rel- 
ative to the size of the adcol- 
loid), and the energy landscape B 
is nearly flat for most of the 
hop (see the figure, panel C). 
Thus, once the initial detach- 
ment is taken into account, the 
remaining part of the hopping 
time (inverse rate) is propor- 
tional to the path length of the 
hop alone and does not depend 
on barrier height. Because this 
length is greater for hops over 
steps or around the corners of 
disconnected regions of the 
same layer (called “islands”), 
colloids spend more time at 
these locations, just as atoms 
spend more time overcoming 
an ES barrier. 

This ES-like barrier leads 
to a great simplification com- 
pared with atomic systems. 
The energy or time associated with a mobile 
colloid crossing over step edges, going 
around corners or kinks, and other com- 
mon routes, can be computed in terms of 
path length alone. For example, there should 
be simple relations between the barriers for 
colloidal deposition on square and triangular 
templates. The motion of atoms on a surface 
involves subtle relaxations, as well as long- 
range or multiatom interactions, that would 
confound similar computations. 

Unlike atomic systems, where bond 
strengths are largely fixed, the colloid-col- 
loid bond can be tuned by varying the deple- 
tant concentration. Thus, a key parameter for 
describing epitaxial growth, the ratio D/F, 
can be adjusted independently from 10°! to 
10*. This range overlaps substantially with 
that accessible to atomic systems and should 
allow for many useful comparisons. 

For example, the coalescence of islands 
is important because unwanted domain walls 
between islands can form. Ganapathy et al. 
show that for a given D/F, there is a critical 
concentration n, of disconnected colloidal 
islands that marks the end of an initial growth 
period. The number of islands then decays as 
further growth causes islands to coalesce, just 
as in atomic systems (4, 9). The scaling of n, 
approaches (D/F)", just as classical nucle- 


Adatom energy 
landscape 


C 


landscape 


Adcolloid energy 


Adcolloid/adatom 


Colloidal versus atomic epitaxy. (A) The physical landscape for epitax- 
ial growth is depicted. The colloids in the system described by Ganapathy 
et al. are 10,000 times as large as atoms, but their epitaxial dynamics are 
remarkably similar because both types of adsorbed particles—adatoms 
or adcolloids—encounter a step-edge barrier (ES or ES-like) for down- 
ward hops (c—>d). The energy landscape for adatoms (B) undulates more 
robustly than its mesa-like adcoillodal counterpart (C) because colloidal 
bonds are too short to produce similar barriers. Because the segment 
lengths cd are greater than those for ab and ef, a colloid trying to move 
from c to d will have a smaller chance than one diffusing between a and 
b or e and f. Like atoms, colloids tend to settle at site d because of its 
higher coordination. 


ation theory would predict. Mound formation 
during multilayer growth of atoms would also 
be expected in colloidal systems because of 
the ES-like barrier at step edges that inhibits 
the completion of a lower layer. Meandering 
instabilities—to-and-fro step oscillations— 
that can prevent the step-flow growth of 
atoms in device fabrication should also occur 
on a series of colloidal steps. 

Another important concept is the size of 
the smallest island that is stable to decay— 
the critical nucleus. This quantity determines 
the distribution of the sizes of islands (4, 9) 
and of their capture zones (4, /0)—the areas 
around an island in which surrounding ada- 
toms will likely attach to the island. The dis- 
tribution of capture zones was only recently 
argued to be related to the critical nucleus size 
(11). For colloids, this number is 2 (dimers 
are stable), so colloidal systems can be used 
to test this concept directly. 

Although it will certainly be instructive 
to compare colloidal and atomic epitaxy, 
there are many aspects of growth that will be 
difficult to realize in colloidal systems. For 
example, colloidal growth lacks the control 
over deposition angles available with atomic 
beams that can cause shadowing effects 
(12) and growth asymmetries when atoms 
impinge obliquely. 


Colloidal epitaxy as described by Ganapathy 
et al. should still prove to be a useful model 
for many complex systems. For example, 
colloids of different sizes could model het- 
eroepitaxy, which is used to grow compound 
semiconductors such as gallium arsenide. In 
contrast to such covalently bonded systems, 
where the crystalline structure arises from 
orbital hybridization, here the ratio of the 
larger to the smaller radius of the two spheres 
can be important. In ionic materials, trans- 
itions from sodium chloride to cesium chlo- 
ride to zincblende structures, with 6, 8, and 4 
nearest neighbors, respectively, occur as this 
ratio increases. For colloids, the challenge 
will be avoiding the formation of amorphous 
structures, because the ordering in atomic 
systems stems in part from differences in 
charge as well as size. 

Similarly, colloids of different sizes can 
be used to explore the role of surfactants and 
step decoration on the controlled growth of 
surface structures; for example, the decora- 
tion of colloidal islands by colloids of a dif- 
ferent size should predictably alter island 
shape (/3). Finally, colloids may even prove 
to be useful models of biological systems, 
where depletion attractions still play an 
unappreciated role (8). Nonspherical col- 
loids could model the epitaxy of antifreeze 
proteins (/4) and kidney stones (/5). Indeed, 
a wide range of interesting epitaxial systems 
should quite literally come into focus when 
modeled with colloids. 
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The Genetic Landscape of a Cell 
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A genome-scale genetic interaction map was constructed by examining 5.4 million gene-gene pairs 
for synthetic genetic interactions, generating quantitative genetic interaction profiles for ~75% of 
all genes in the budding yeast, Saccharomyces cerevisiae. A network based on genetic interaction 
profiles reveals a functional map of the cell in which genes of similar biological processes cluster 
together in coherent subsets, and highly correlated profiles delineate specific pathways to define 
gene function. The global network identifies functional cross-connections between all bioprocesses, 
mapping a cellular wiring diagram of pleiotropy. Genetic interaction degree correlated with a 
number of different gene attributes, which may be informative about genetic network hubs in other 
organisms. We also demonstrate that extensive and unbiased mapping of the genetic landscape 
provides a key for interpretation of chemical-genetic interactions and drug target identification. 


he relation between an organism's geno- 
| type and its phenotype are governed by 


myriad genetic interactions (/). Although 


a complex genetic landscape has long been an- 
ticipated (2), exploration of genetic interac- 
tions on a genome-wide level has been limited. 


Fig. 1. A correlation-based network 
connecting genes with similar genetic 
interaction profiles. Genetic profile sim- 
ilarities were measured for all gene pairs 
by computing Pearson correlation co- 
efficients (PCCs) from the complete ge- 
netic interaction matrix. Gene pairs 
whose profile similarity exceeded a 
PCC > 0.2 threshold were connected 
in the network and laid out using an 
edge-weighted, spring-embedded, net- 
work layout algorithm (7, 8). Genes 
sharing similar patterns of genetic 
interactions are proximal to each 
other; less-similar genes are posi- 
tioned farther apart. Colored regions 
indicate sets of genes enriched for GO 
biological processes summarized by the 
indicated terms. 
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Systematic deletion analysis in the budding 
yeast, Saccharomyces cerevisiae, demonstrates 
that the majority of its ~6000 genes are indi- 
vidually dispensable, with only a relatively 
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small subset (~20%) required for viability (J), 
which suggests the evolution of extensive buf- 
fering against genetic perturbations (3). Genome- 
scale screens for genetic interactions that affect 
the fitness of a cell or organism can chart the 
genetic network underlying functional redun- 
dancy (/). In particular, synthetic genetic array 
(SGA) methodology (4) enables the systemat- 
ic mapping of synthetic lethal genetic interac- 
tions through an automated form of genetic 
analysis that produces high-density arrays of 
double mutants (5). Here, we report construc- 
tion of a functionally unbiased genetic interac- 
tion map for a eukaryotic cell. 

Genome-scale, quantitative analysis of ge- 
netic interactions. We consider a digenic in- 
teraction as a double mutant that shows a 
significant deviation in fitness compared with 
the expected multiplicative effect of combin- 
ing two single mutants (6). Negative interactions 
refer to a more severe fitness defect than ex- 
pected, with the extreme case being synthetic 
lethality; positive interactions refer to double mu- 
tants with a less severe fitness defect than ex- 
pected. To quantitatively score genetic interactions 
in large-scale SGA screens, we developed a mod- 
el to estimate fitness defects directly from double- 
mutant colony sizes (7, 8) (fig. SLA). We screened 
1712 S. cerevisiae query genes, including 334 
conditional or hypomorphic alleles of essential 
genes, for a total of ~5.4 million gene pairs 
spanning all biological processes (fig. S1, B and 
C) (7, 8). These queries were selected randomly 
with respect to function; however, preference 
was given to mutants exhibiting fitness defects 
(7, 8). Comparing fitness estimates of single 
mutants with their corresponding double- 
mutant phenotypes identified ~170,000 interac- 
tions, a threefold increase over all previously 
reported genetic interaction data (fig. S1, D and 
E). Our data captured ~35% of previously 
reported negative genetic interactions (7, 8) 
(fig. S1D) and exhibited significant correlation 
(r = 0.89) (fig. SIF) with genetic interactions 
identified by high-resolution liquid growth pro- 
files (7-9), which confirmed the accuracy of our 
measurements (fig. SIF). Thus, our approach 
enabled assembly of a quantitative fitness-based 
profile of genetic interactions on a genome-wide 
scale. 


We determined false-negative and false- 
positive rates at a defined confidence thresh- 
old ({e| > 0.08, P < 0.05) (fig. S2A) (7, 8) and 
used this filtered data set for all analyses. Data 
evaluation, by several different measures (7, 8), 
indicated that interactions that corresponded 
to specific confidence levels were functionally 
informative (fig. S2, B and C). In particular, 
enrichment for Gene Ontology (GO) coanno- 
tated gene pairs was correlated with the sig- 
nificance and magnitude of genetic interaction 
(fig. S2B), as well as with genetic profile sim- 
ilarity (fig. S2C) (7, 8). Notably, we found about 
twice as many negative interactions as positive 
genetic interactions (fig. S1B). Moreover, neg- 
ative genetic interactions tended to be more in- 
formative for identifying physical interactions 
and GO coannotated gene pairs than positive in- 
teractions (fig. S2C). 

A functional map of the cell. Genes be- 
longing to the same pathway or biological 
process tend to share similar profiles of genetic 
interactions (5). We exploited this property to 
construct a global network, grouping genes with 
similar interaction patterns together: Nodes in 
this network represent genes, and edges connect 
gene pairs that share common sets of genetic 
interactions or similar interaction profiles (Fig. 1). 
This network highlights genetic relations between 
diverse biological processes and the inherent 
functional organization of the cell. Genes dis- 
playing tightly correlated profiles form discern- 
ible clusters corresponding to distinct bioprocesses, 
and the relative distance between distinct clusters 
appears to reflect shared functionality (Fig. 1). For 
example, the role of the microtubule cytoskeleton 
in bridging nuclear chromosomal- and actin 
cytoskeleton—based functions is illustrated by 
the close proximity and relative positioning of 
clusters corresponding to genes annotated with 
roles in cell polarity and morphogenesis, mitosis 
and chromosome segregation, and DNA repli- 
cation and repair (Fig. 1). Despite screening only 
~30% of the genome as query genes, we re- 
covered genetic interactions for ~75% of the 
genome because partial genetic interaction pro- 
files were generated for nearly all nonessential 
genes in the genome. Our data were able to 
precisely predict known gene functions (GO 
biological process annotations), as well as or 
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better than all other genome-scale data sets (fig. 
82D), and assigned a substantial amount of 
unique functional information for the genes not 
captured by previous genetic interaction studies 
(fig. S2D). 

Predicting function and relations. Although 
complex, the genetic interaction network con- 
tains functional information at multiple levels of 
resolution. The interrogation of the genetic map 
at higher resolution enabled the dissection of 
broad biological processes into distinct, yet inter- 
dependent, gene cohorts (Fig. 2) [supporting 
data file S8 (8)]. In even more detail, we can also 
visualize networks in which genes are connected 
by edges that correspond to genetic interactions 
directly. Indeed, gene clusters that are correlated 
by negative (red) and positive (green) genetic 
interactions reveal network organization reflect- 
ing biological pathways and/or protein com- 
plexes and their functional integration with one 
another (Fig. 2, B to D). The genetic interactions 
occurring between different pathways and com- 
plexes were often monochromatic, as predicted 
previously (0), such that they were composed 
almost exclusively of a single type of genetic 
interaction, either all negative or all positive. 

Genetic clusters were used to predict function 
for uncharacterized genes on the basis of network 
connectivity (Fig. 2, A to D). Three genes, 
PAR32, ECM30, and UBP15, had interaction 
profiles similar to those of members of the Gap1- 
sorting module (Fig. 2B), and consistent with a 
role in this process, all three genes led to Gap1 
sorting and transport defects when deleted (Fig. 
2E). Additional experimental results (fig. S3) 
(/1) suggest that Par32 may function in target 
of rapamycin (TOR)—dependent regulation of 
the Gln3, Gatl, Rtgl, and Rtg3 transcription 
factors (/2), whereas Ecm30 forms a stoichio- 
metric complex with the Ubp15 ubiquitin protease 
(7, 8) that may modulate Gap! localization, per- 
haps by controlling its ubiquitination state. 

In another example, similar genetic interac- 
tion profiles suggested a strong functional re- 
lation between the GET pathway and the poorly 
characterized gene, SGT2 (Fig. 2C). Consistent 
with a role in endoplasmic reticulum (ER) 
dependent membrane targeting (/3) or protein 
folding (/4), we found that Sgt2 physically 
interacts with Get4, Get5, and heat shock 70 


Fig. 2. Magnification of the functional map better resolves cellular processes. 
(A) A subnetwork corresponding to a region of the global map described in 
Fig. 1 is indicated in red (inset). Node color corresponds to a specific biological 
process: dark green, amino acid biosynthesis and uptake; light green, signaling; 
light purple, ER-Golgi; dark purple, endosome and vacuole sorting; yellow, ER- 
dependent protein degradation; red, protein folding and glycosylation, cell wall 
biosynthesis and integrity; fuchsia, tRNA modification; pink, cell polarity and 
morphogenesis; orange, autophagy; and black, uncharacterized. Individual ge- 
netic interactions contributing to genetic profiles revealed by (A) are illustrated 
for three specific subnetworks in (B) to (D). (B to D) Subsets of genes belonging 
to amino acid biosynthesis and uptake, ER-Golgi, and tRNA modification regions 
of the network were selected, and, in some cases, additional genes were included 
from the complete network shown in Fig. 1. Nodes are grouped according to 
profile similarity, and edges represent negative (red) and positive (green) 


genetic interactions (le] > 0.08, P < 0.05). Nonessential (circles) and essential 
(diamonds) genes are colored according to the biological process indicated in 
(A), and uncharacterized genes are depicted in yellow. (E) PAR32, ECM30, and 
UBP15 are required for plasma membrane localization (micrographs) and 
activity (histogram) of the Gap1 amino acid permease. DIC, differential inter- 
ference contrast; GFP, green fluorescent protein. (F) Sgt2 physically interacts 
with components of the GET pathway and members of the Hsp70 chaperone 
family. Proteins identified with high confidence as specific interactors for tandem 
affinity purification (TAP)—tagged Sgt2 (Sgt2-TAP) are shown in decreasing order 
of spectral counts. (G) Distribution of the Elp and Urm modified codon usage 
among synthetic sick or lethal interaction partners. The fraction of Elp and Urm 
modified codons (lysine, glutamine, and glutamic acid) relative to all codons 
was measured for all negative interactors with genes in the Elp or Urm 
complex (red) relative to the background usage of all genes (blue). 
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(Hsp70) protein family members (Fig. 2F), and, 
similarly to GET pathway mutants (/3), deletion 
of SG72 results in mislocalization of the tail- 
anchored protein, Pex15 (fig. S4). 

Deciphering complex regulatory relations 
from the global genetic network. Because the 
global genetic interaction map represents a broad 
functional survey, it should provide insights into 
the regulatory wiring diagram of the cell. For ex- 
ample, synthetic lethal interactions between 
genes encoding the elongator (Elp) complex and 
those of the urmylation (Urm) pathway suggested 
that the Urm pathway collaborates with the Elp 
complex in the modification of specific transfer 
RNAs (tRNAs) (/5) (Fig. 2D). In addition to their 
synthetic lethal relation, Elp and Urm pathway 
genes shared highly similar genetic interaction 
profiles; notably, these interactions were enriched 
for cell polarity and secretion genes (P < 10°) 
(Fig. 2D), which reflects a specific cell polarity 
defect associated with Elp pathway mutants (/6). 

The elongator tRNA modification machinery 
has been postulated either to broadly affect the 
translation of a suite of mRNAs whose genes 
have cell polarity roles or to selectively influence 
the activity ofa key polarity regulatory gene (/7). 
We were intrigued by the finding that the subset 
of Elp-Urm negative interactors, as well as cell 
polarity and secretion genes, in general, encode 
proteins that are significantly enriched for the 
amino acids that charge Elp- and Urm-modified 
tRNAs (Fig. 2G) (7, 8). These findings suggest 


that Elp and Urm pathways may be biased 
toward the regulation of a functionally specific 
subset of cellular proteins. ELP/ is a highly 
conserved gene whose human ortholog, inhib- 
itor of kappa light polypeptide gene enhancer 
in B cells, kinase complex—associated protein 
(IKBKAP), is associated with a neurological 
disorder, familial dysautonomia, which leads to 
disruption of cytoskeletal organization when 
mutated (/8, /9). Thus, it is possible that disease 
manifestation may involve impaired IKBKAP- 
dependent translation of a set of human genes 
belonging to a specific functional group. 
Genetic network connectivity. Consistent 
with the degree distribution of other biological 
networks (/), the majority of genes have few inter- 
actions, whereas a small number are highly con- 
nected and serve as network hubs (Fig. 3A). We 
found subsets of genes that showed a strong bias in 
their interaction type. About 2% of array genes 
exhibited more than eight times as many negative 
interactions as positive ones, whereas a smaller set 
containing ~1% of all array genes showed four 
times as many positive as negative interactions 
(Fig. 3B). Genes displaying this behavior were 
functionally distinct. Specifically, a bias toward 
negative interaction was observed for genes re- 
quired for normal progression of the cell division 
cycle (P < 10 *), which highlights the central role 
of checkpoints in maintaining viability in dividing 
cells. Predominantly positive interactions were in- 
dicative of genes involved in translation, ribosomal 


RNA processing, and mRNA decay (P < 10°), 
which may suggest that defects in the translation 
machinery somehow mask phenotypes that would 
otherwise be expressed in normal cells. 

Genetic interaction degree, fitness, multi- 
functionality, and pleiotropy. Genetic interac- 
tion hubs show a clear association with several 
fundamental physiological and evolutionary prop- 
erties (Fig. 3C), which may be predictive of ge- 
netic interactions in other organisms. In particular, 
we uncovered a strong correlation between genetic 
interaction degree and single-mutant fitness (r = 
0.73). Single mutants with increasingly severe fit- 
ness defects tended to exhibit an increased number 
of both negative and positive interactions (Fig. 3C 
and fig. S5, A and B) (7, 8). This relation was also 
observed for essential genes where the average 
number of interactions involving a temperature- 
sensitive mutant allele was inversely proportional to 
allele fitness at a given semipermissive temperature 
(fig. SSB). The increased connectivity of genes 
with fitness defects when singly mutated was not 
due to nonspecific interactions derived from a 
generally compromised cell or experimental 
noise; interactions with these genes were found 
to overlap with known functional relationships 
just as frequently as other interactions (fig. S5C). 

In addition to the correlation with single- 
mutant fitness defects, genetic interaction hubs 
showed a high degree of pleiotropy. Specifically, 
the number of genetic interactions for a particular 
hub was significantly correlated with the number 
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interaction degree (7, 8). Chemical-genetic degree refers to the number of chemical 
perturbations to which a gene exhibits hypersensitivity. (Inset) The relation to gene 
multifunctionality for each of the interaction data sets is illustrated by measuring the 
average number of annotations to specific biological process GO terms for the top 1% 
highest degree genes for each interaction type. (7, 8). 
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of distinct annotated functions (multifunctional- 
ity) for that gene (Fig. 3C and inset). This 
connection between network hubs and pleiotropy 
was further reflected by the rich variation asso- 
ciated with hub mutant phenotypes and increased 
phenotypic capacitance, the number of different 
morphological phenotypes linked to a specific 
gene as defined quantitatively (Fig. 3C) (20). 
This relation suggests that genetic network hubs 
play key roles in the integration and execution of 
morphogenetic programs. 

It is noteworthy that these correlations 
persisted after we controlled for fitness defects 
of single mutants (fig. SSD). Furthermore, these 


Fig. 4. (A) Frequency of synthetic 


trends reveal characteristics that distinguish 
genetic network hubs from hubs on the physical 
interaction network (Fig. 3C). Notably, the cor- 
relation to both fitness and multifunctionality was 
several fold stronger for genetic interaction 
degree (Fig. 3C). This likely reflects the ability 
of genetic perturbation analysis to identify broad 
phenotypic connections that cannot be captured in 
networks subject to physical constraints and sug- 
gests that large-scale genetic interaction networks 
will be of wide utility for defining the functional 
wiring diagrams of cells and organisms. 
Although there are several distinguishing 
characteristics of genetic interaction hubs, we 
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measured a significant correlation (r ~ 0.2) 
between the genetic and physical interaction de- 
gree for any given gene (Fig. 3C). Similar to 
protein-protein interaction hubs (2/—23), we 
found that genetic network hubs tend to be 
expressed at higher mRNA levels. In compar- 
ison with the whole-genome sequences of 23 
different Ascomycota fungi species, we found 
that genetic interaction degree correlated pos- 
itively with gene conservation and negatively 
with copy number volatility, which indicates 
that they tend to be lost or duplicated less 
frequently. Genes showing more genetic inter- 
actions evolved (dN/dS) more slowly than genes 
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with few interactions (Fig. 3C), which suggests 
that genetic hubs generally tend to be evolution- 
arily constrained. However, a subset of genetic 
interaction hubs appears to behave differently. 
Despite their tendency to evolve faster (fig. SSF) 
(24), proteins with higher levels of native dis- 
order tend to exhibit a large number of genetic 
interactions, which suggests that genes encoding 
disordered proteins may represent a distinct class 
of genetic interaction hub. 

Distribution of genetic interactions by 
bioprocess. We assessed the distribution of 
genetic interactions across different cellular pro- 
cesses for both negative (Fig. 4A) and positive 
(fig. S6A) (7, 8) interactions. The heat map iden- 
tified functions enriched (yellow) or depleted 
(blue) for genetic interactions relative to the ex- 
pected frequency of a random gene set. As ex- 
pected, genes involved in similar biological 
processes were enriched for negative interac- 
tions; however, we also observed genetic in- 
teractions bridging bioprocesses (Fig. 4A). 
Specifically, genes involved in chromatin, 
transcription, ER-Golgi transport, and Golgi- 
endosome transport showed a significant number 
of interactions that bridge diverse functions, which 
suggests that many of these genes are intercon- 
nected or pleiotropic. These bioprocess-level 
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findings concur with individual gene analyses, 
which indicated that genes involved in processes 
related to chromatin structure and transcription 
(P< 10"), as well as secretion and vesicle trans- 
port (P< 10 °), were among the most highly con- 
nected genes in our network. The central role for 
chromatin- and transcription-related processes 
identified in the yeast genetic network is consist- 
ent with large-scale genetic network mapping in 
Caenorhabditis elegans (25), and the bridging 
function for secretory pathway genes emphasizes 
their role as communication conduits for the cell. 
In contrast to genetic interactions, protein-protein 
interactions connect relatively fewer bioprocesses, 
and thus, although highly informative of local 
pathway architecture, physical interactions fail to 
provide a complete picture of multifunctionality 
or interconnections between cellular processes 
(fig. S6A). Reduced interactions in particular gene 
sets, such as meiosis, drug or ion transport, and 
metabolism or mitochondrial genes (blue in Fig. 
4A), may arise because some processes are more 
buffered than others and require more complex 
genetic analysis to uncover their interactions (5), 
whereas others may function only under certain 
environmental conditions (26). 

Because variation was observed in the average 
number of genetic interactions for genes across 


different bioprocesses, we tested whether gene- 
specific properties (Fig. 3C) were predictive of 
this variation. For example, we found that gene 
duplicates exhibited fewer interactions when sur- 
veyed across the entire genome (Fig. 4B) (7, 8), 
and therefore, we asked if bioprocesses with rela- 
tively few genetic interactions could be explained 
by specific factors, such as a high percentage 
of duplicated genes. An analysis of covariance 
(ANCOVA) (Fig. 4C) (7, 8) showed that a linear 
model including the gene-specific properties pre- 
dictive of genetic interaction hubs (Fig. 3C) was 
sufficient to explain the number of negative (12 
out of 17) (Fig. 4C) and positive (13 out of 17) 
(fig. S6B) genetic interactions for the majority 
of bioprocesses. For example, the relatively few 
genetic interactions seen for genes with roles in 
drug and ion transport are explained by a com- 
bination of a high rate of gene duplication (~50 
to 60%) and copy number volatility among 
genes annotated to this process. This is consist- 
ent with the tendency of genes encoding protein 
pumps to undergo numerous duplication events 
(27), which confirms that extensive redundancy 
associated with large gene families complicates 
the identification of digenic interactions. Three 
bioprocesses had significantly more negative in- 
teractions than predicted (Fig. 4C) (P < 0.05), 
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Fig. 5. (A) A chemical-genetic interaction map is shown in which colored 
triangles represent chemical compounds and white nodes correspond to 
genes. Compounds were positioned on the map by highlighting the gene 
node whose genetic interaction profile most closely resembles the chem- 
ical genetic profile of the compound derived from three sources (7, 8). 
Compounds tightly correlated to genes positioned within functional clus- 
ters (Fig. 1) were colored accordingly to the color of the cluster as in Fig. 1. 
The chemical-genetic profile of hydroxyurea clustered with genes in- 
volved in DNA replication and repair, whereas that of erodoxin clustered 


with genes involved in protein folding, glycosylation, and cell wall bio- 
synthesis. Compounds positioned outside functional clusters are col- 
ored light purple. (B) Network displaying overlap between ERO1 negative 
genetic interactions and genes resulting in growth inhibition when de- 
leted in the presence of erodoxin. (C) FRO1-dependent pathway for 
oxidative protein-folding pathway. (D) Erodoxin inhibits Ero1-dependent 
oxidation of Trx1 in vitro. (E) Erodoxin inhibits CPY processing to the 
vacuolar form in vivo. ER (p1), Golgi (p2), and vacuolar (m) forms of CPY 
are indicated. 
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including those that show functional enrichment 
for genetic interaction hubs (Fig. 4A). Converse- 
ly, DNA replication and repair and amino acid 
biosynthesis showed significantly fewer nega- 
tive interactions than predicted (P < 0.05), which 
suggested that either more genetic interactions 
remain to be found for these genes under differ- 
ent environmental conditions or that these genes 
are more buffered and thus are inherently less 
connected on the digenic network. 

Overlap between the genetic and the protein- 
protein interaction networks. We observed ge- 
netic interactions overlapping with 10 to 20% 
of protein-protein interaction pairs, depending 
on the physical interaction mapping method- 
ology (fig. S7), which is significantly higher 
than expected randomly (~3%). Considering 
the global yeast physical interaction network 
as defined by affinity purification—mass spec- 
trometry (28, 29), yeast two-hybrid protocol 
(30), or protein-fragment complementation 
assay (PCA) (3/), roughly an equivalent num- 
ber of physical interactions overlapped with 
negative and positive genetic interaction pairs: 
~7% of protein-protein interacting pairs shared 
a negative genetic interaction, whereas ~5% 
shared a positive interaction. Conversely, con- 
sidering our genetic interaction network, only 
a small fraction of gene pairs that show a 
genetic interaction (0.4% negative and 0.5% 
positive) are also physically linked. These find- 
ings suggest that the vast majority of both pos- 
itive and negative interactions occurs between, 
rather than within, complexes and pathways, 
connecting those that presumably work together 
or buffer one another, respectively. 

Navigating from genetic to chemical- 
genetic interaction networks. The set of ~4700 
viable yeast deletion mutants has been exposed 
to hundreds of different chemical compounds 
(26). We quantified the chemical-genetic degree 
for each gene by counting the number of chem- 
ical (environmental) perturbations for which the 
corresponding gene deletion mutant showed 
hypersensitivity. We found a significant correla- 
tion (r = 0.4, P < 10°) between genetic inter- 
action and chemical-genetic degree (Fig. 3C). 
These observations suggest that hubs on a 
chemical-genetic network are predictive of hubs 
on the genetic interaction network and can be 
used to link environmental capacitance and 
genetic robustness. Furthermore, our data sug- 
gest that the same genes buffer the cell against 
both environmental and genetic insults. It is not 
known whether natural selection favors genetic 
robustness (32), but the positive correlation be- 
tween genetic interaction degree and envi- 
ronmental capacitance suggests that genetic and 
environmental robustness may coevolve (33). 

Because chemical perturbations mimic genet- 
ic perturbations, the genetic network should be 
useful for predicting the cellular targets of bio- 
active molecules (34). We identified genetic in- 
teraction profiles that are significantly correlated 
to a chemical-genetic profile of a particular com- 
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pound (7, 8, 26, 34) and showed that compounds 
often clustered to dense regions of the genetic 
network indicative of specific bioprocesses (Fig. 
5A). For example, hydroxyurea, a compound 
that inhibits ribonucleotide reductase and blocks 
DNA synthesis, clusters with the gene cohort an- 
notated with roles in DNA replication and repair 
(Fig. SA). These results demonstrate that cluster- 
ing of chemical-genetic and genetic interaction 
profiles complements haploinsufficiency profil- 
ing, which has the potential to identify drug tar- 
gets directly (26). We used this network approach 
to examine the previously uncharacterized com- 
pound, 0428-0027, which we have subsequent- 
ly named erodoxin (Fig. 5A). Erodoxin clustered 
with genes associated with protein folding, gly- 
cosylation, and cell wall biosynthesis functions 
(Fig. 5A) because the erodoxin chemical-genetic 
profile most closely resembled the genetic in- 
teraction profile of ERO/ (Fig. 5B and fig. S8A), 
an essential gene involved in oxidative protein 
folding (Fig. SC) (35). Two additional lines of 
evidence suggested that Erol is the target of 
erodoxin. First, ero/A/+ and fad/A/+ hetero- 
zygotes were the most hypersensitive mutants 
identified from haploinsufficency profiling (fig. 
S8B) (7, 8). Second, we found that erodoxin 
leads to inhibition of Trx1 oxidation (Fig. 5D) 
and delayed carboxy peptidase Y (CPY) pro- 
cessing (Fig. 5E), which suggests that it inhibits 
Erol activity both in vitro and in vivo. 
Exploring the universe of genetic inter- 
actions. Unbiased, systematic, and quantitative 
analysis of digenic loss-of-function perturbations 
assigns a rich phenotypic profile to each gene and 
enables construction of a functional map of the 
cell, organizing genes and higher-order biopro- 
cesses according to their related roles (Fig. 1). 
The functional connections defined by genetic 
interactions complement the information derived 
from networks based upon physical interactions, 
which links previously uncharacterized genes to 
specific pathways and complexes and reveals 
connections between pathways and complexes. 
The global mapping of genetic networks is be- 
coming feasible in more complex cells and 
metazoans because of the growing availability 
of whole-genome sequences and large-scale 
sets of gene-knockdown reagents (/). Although 
negative genetic interactions can be conserved 
from yeast to worms and from yeast to human 
cells, the extent to which individual genetic 
interactions are conserved over large evolution- 
ary distances remains unclear (/). The conserva- 
tion of the genetic map may also occur at various 
levels of resolution. For example, overall net- 
work topology (Fig. 1) and properties (Fig. 3C) 
may be more highly conserved than particular 
genetic interactions because they reflect the 
fundamental architecture of the cell. The ability 
to integrate genetic and chemical-genetic pertur- 
bation data offers the potential to link bioactive 
compounds to their targets (Fig. 5), to identify 
genetic interaction hubs through chemical per- 
turbations (Fig. 3C), to design synthetic lethal 
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therapies for targeting genetically defined tumors 
(36), and to understand the mechanistic basis of 
drug synergy (37). Finally, genetic interaction 
maps provide a model for understanding the link 
between genotype and phenotype and for out- 
lining the general principles of complex genetic 
interaction networks, which play a key role in 


governing 


inherited phenotypes, including 


human disease (3). 
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Formation of lapetus’ Extreme Albedo 
Dichotomy by Exogenically Triggered 
Thermal Ice Migration 


John R. Spencer?* and Tilmann Denk? 


The extreme albedo asymmetry of Saturn’s moon lapetus, which is about 10 times as bright on 
its trailing hemisphere as on its leading hemisphere, has been an enigma for three centuries. 
Deposition of exogenic dark material on the leading side has been proposed as a cause, but this 
alone cannot explain the global shape, sharpness, and complexity of the transition between 
lapetus’ bright and dark terrain. We demonstrate that all these characteristics, and the asymmetry’s 
large amplitude, can be plausibly explained by runaway global thermal migration of water ice, 
triggered by the deposition of dark material on the leading hemisphere. This mechanism is unique 
to lapetus among the saturnian satellites because its slow rotation produces unusually high 


leading hemisphere (the hemisphere that 
faces forward in its orbit around Saturn, 
centered near longitude 90°W) than on its oppo- 
site trailing hemisphere has been known almost 
since the moon’s discovery in 1671 (/). The dark 
terrain on the leading hemisphere, named Cassini 
Regio, extends toward the trailing side near the 
equator, and bright trailing-side terrain extends over 
the poles onto the leading side (2). Albedo varies by 
a factor of ~10 between the two hemispheres (3). 
Most proposed hypotheses for the origin of 
the global albedo dichotomy can be divided into 
three categories: (i) A dark debris cloud, produced 
by a large impact on a body within the Satum 
system [Hyperion (4, 5), Iapetus itself (6), a former 
outer satellite (7), or Titan (8)] was deposited on 
Iapetus’ leading side early in its history. (11) 
Interplanetary or circum-saturnian dust gradually 
alters one hemisphere of Iapetus in a process that 
may be ongoing today. Four alteration processes 
have been suggested: leading-side deposition of 
dark material (9—-//); leading-side removal of ice, 
exposing a dark substrate (/2, /3); leading-side 
enrichment of intrinsic dark material due to im- 
pact erosion of ice (/4—/6), with possible further 
darkening by chemical or irradiation processes 
(3); and trailing-side deposition of icy material 
(17). (iti) Dark material was emplaced onto the 
surface by endogenic geologic processes (2). 
All these models have insurmountable weak- 
nesses. It is impossible to reproduce the elongated 
shape of Cassini Regio by the deposition of a dark 
debris cloud or other exogenic infall [e.g., (70, 13)], 
and the boundaries between Cassini Regio and 
the bright terrain are very abrupt and irregular on 


TT" fact that Iapetus is much darker on its 
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kilometer scales, which is also inconsistent with 
simple exogenic infall (78). Endogenic models 
cannot explain the precise alignment of the dark 
terrain with the apex of motion of Iapetus (2). 

A fourth category of model, which combines 
exogenic darkening with insolation-controlled 
thermal sublimation, has unfortunately been over- 
looked since it was proposed in 1974 (79), despite 
its successful prediction of increased darkening 
along the equator and brighter poles, as subse- 
quently observed (20). The original description of 
this model was brief and qualitative, and is here 
developed in quantitative detail, constrained by 
observations made by the Cassini spacecraft. 

The mobility of water ice depends strongly 
on surface temperature, which for a given latitude 
and distance from the Sun depends primarily on 
albedo, thermal inertia, and rotation rate. Temper- 
atures on the icy saturnian satellites have been 
measured directly by Cassini’s Composite Infra- 
red Spectrometer (CIRS) instrument (2/). Ob- 
served spectra are close approximations to 
blackbodies, and we assume here that the tem- 
perature of the best blackbody fit to each spec- 
trum is a reliable proxy for surface temperature. 
Diurnal temperature variations observed by the 
CIRS long-wavelength detector FP1 [20 to 600 
cm", field of view (FOV) 4 mrad] yield global 
albedos and thermal inertias (22) when fitted with 
a one-dimensional numerical thermal model (23). 
Thermal inertias are very low, generally between 
8 and 25 Jm~* s'? K"|, indicating an uncon- 
solidated surface. Subsolar temperatures on 
Iapetus, which are crucial to determining H,O 
stability, were observed at higher spatial resolu- 
tion near the leading/trailing boundary with 
CIRS’ shorter-wavelength detector FP3 (600 to 
1100 cm ', FOV 0.3 mrad) during the close flyby 
on 10 September 2007 (Fig. 1). There is a strong 
inverse correlation between daytime temperature 
and albedo. Spatial resolution is sufficient to 
resolve the largest dark and bright areas, re- 


vealing peak dark- and bright-terrain temper- 
atures of 129 and 113 K, respectively. Thermal 
model fits to these temperatures, using thermal 
inertias from (22), yield dark- and bright-terrain 
albedos of 0.04 and 0.39, respectively. The 
bright-terrain albedo is substantially higher than 
the 0.31 value determined from the FP1 data 
(which have lower spatial resolution), probably 
because those data included some dark terrain 
within the bright-terrain measurements. 

Diurnal thermal models, constrained by mea- 
sured thermal inertias and albedos (22), yield di- 
umally averaged upward HO sublimation rates 
for the icy saturnian satellites (Fig. 2A), using the 
known vapor pressure dependence on tempera- 
ture (24). Iapetus’ long rotation period (79 days) 
yields substantially higher daytime temperatures 
for a given albedo than on the other saturnian 
satellites, because there is more time for temper- 
atures to equilibrate with sunlight and a smaller 
fraction of the absorbed sunlight is reradiated from 
the night side. The low albedo of the leading side 
further increases temperatures there. Because of the 
extreme temperature dependence of sublimation 
rates, mean sublimation is determined largely by 
maximum diurnal temperature rather than mean 
temperature, so ice on Iapetus with the low albedo 
of the leading side has by far the highest subli- 
mation rate of ice on any saturnian satellite, equiv- 
alent to >100 m of sublimation in a billion years if 
unimpeded by the formation of a lag deposit. 

Impact gardening competes with sublimation, 
mixing lag deposits or recondensed frosts back 
into the subsurface. Gardening rates on Iapetus 
are unknown, but the Moon provides a useful 
analog (25) (Fig. 2B). Unless saturnian satellite 
gardening rates differ drastically from lunar rates, 
it is clear that for Rhea and all colder objects, 
H,0O sublimation is negligible, whereas sublima- 
tion dominates on Iapetus’ dark side, and the 
interplay of the two processes is more complex 
on Phoebe and the bright side of Iapetus. 

Many synchronously rotating outer-planet sat- 
ellites exhibit color, albedo, or textural differences 
between their leading and trailing hemispheres 
(26-28), due primarily to differing exposures of the 
two hemispheres to exogenic effects such as impact 
gardening, deposition of exogenic material, or mag- 
netospheric effects. With the exception of Iapetus, 
the highest-amplitude leading/trailing asymmetries 
among icy satellites are for Dione and Europa, with 
disk-integrated leading/trailing brightness ratios of 
1.45 and 1.33, respectively (29, 30). 

We suggest that exogenic deposition of dark 
material from either a heliocentric source or (more 
probably) from Saturn’s outer retrograde satellites 
results in a moderate darkening and reddening of the 
leading hemisphere of Iapetus (/8), raising leading- 
hemisphere temperatures and H,O sublimation rates, 
as previously proposed (/9). Sublimating molecules 
follow ballistic trajectories because Iapetus’ atmo- 
sphere is negligible. The median molecule jump 
distance before re-impacting the surface is a large 
fraction of Iapetus’ 734-km radius for likely surface 
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temperatures [e.g., 590 km at 125 K and 470 km 
at 105 K, measured along the surface (3/)], so 
there is efficient transfer of H2O from the leading 
hemisphere to the colder trailing hemisphere and 
poles. As discussed above, if the initial albedo is 
comparable to or lower than that of Iapetus’ cur- 
rent bright hemisphere, this lag deposit will even- 
tually accumulate faster than it can be remixed 
into the regolith by impact gardening, and the 
surface will darken further. The resulting increase 
in temperatures and sublimation rates produces a 
runaway process that proceeds until sublimation 
is cut off by formation of a dark, ice-free lag de- 
posit on the leading hemisphere. This process is 
similar to the thermal segregation of ice and dark 
material postulated for the icy Galilean satellites 
(32) and seen by Galileo (33, 34). On the Galilean 
satellites the segregation is local rather than global, 
probably because of the much smaller molecule 
jump distance [tens of kilometers (35)] and the 
much larger radii of those satellites. 

We have tested this scenario with a series of 
simplified numerical models of exogenic depo- 


Fig. 1. Cassini CIRS FP3 
measurements of noontime 
temperatures on lapetus com- 
pared to a Cassini Imaging 
Science Subsystem map of 
surface albedos (41). (Left) 
Color-coded (600 to 1100 
cm) brightness tempera- 
tures. (Center) The area cov- 
ered by CIRS is outlined in 
red to reveal the albedo pat- 
terns in the region covered. 
(Right) Temperature (col- 
or) and albedo (brightness) 
are superposed. Regions 
where the dark and bright 
terrains are fully resolved 
are shown by red and blue 
diamonds, respectively; tem- 
peratures are 129 K and 
113 K in these locations. 
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sition and HO migration on Iapetus (3/7). Dark 
material is deposited at a rate that decreases with 
distance from the center of the leading hemisphere, 
and ice then migrates in response to insolation and 
the exogenic darkening. Figure 3 shows that a 
range of model parameters can reproduce Iapetus’ 
appearance quite well. Key parameters for models 
A and B, respectively (3/), are a peak leading-side 
dark-material deposition rate of 3 and 0.3 cm per 
billion years, surface mixing to a depth of 10 and 
1 cm, and power-law and linear relationships be- 
tween dark-material abundance and albedo. The 
dependence of exogenic darkening on distance 
from the center of the trailing hemispheres is also 
slightly different. A mixing depth of 1 cm is per- 
haps less plausible than 10 cm, given that ~10 cm 
of impact gardening occurs in 10° years in the 
lunar regolith (25). In both models, modest initial 
darkening of the leading hemisphere produces 
runaway darkening at low latitudes as sublima- 
tion becomes important, leading to an equatorial 
strip of dark, ice-free terrain that expands in lat- 
itude and longitude upon further sublimation. On 
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the trailing hemisphere, there is net deposition of 
frost due to antipodal focusing of water mole- 
cules subliming from the leading side, but with 
continued sublimation, the leading-hemisphere 
dark terrain eventually begins to encroach on the 
trailing side [(3/); table S1 and fig. S3 discuss the 
parameter dependence of model results]. 

The model albedo distribution is strongly 
bimodal and the bright/dark boundary is sharp, 
consistent with high-resolution Cassini images 
(8), and the shape of the dark terrain on Iapetus’ 
leading hemisphere is very similar to that in the 
models. The most important discrepancy is that 
ice at low latitudes on the trailing side is brighter 
in the models than on Iapetus (37). 

The bright poleward-facing slopes seen at mid- 
latitudes on Iapetus (/8, 36) are also a natural con- 
sequence of the water ice mobility predicted by this 
model. Water molecules deposited at mid-latitudes 
will preferentially remain on pole-facing slopes and 
sublime from warmer equator-facing slopes. Simi- 
lar thermally driven phenomena are seen on Callisto 
(32) and Ganymede (33). The presence of apparent 
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The yellow star shows the location of the subsolar point. The map uses a longitude system in which 0°W corresponds to the mean sub-Saturn direction. 
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because of its extremely high albedo (0.81). (B) Comparison of H20 sublimation rates and estimated 50% probability impact gardening depth, for Earth’s Moon 
using a “constant flux” model (25), as a function of time. 
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Fig. 3. Evolution of surface albedo and frost deposition 
depth, color-coded by time, for example model runs A 
and B, with parameters described in the text and de- 
tailed in (31). The albedo plots show pole-to-pole pro- 
files in the center of the leading (90°W, dashed lines) and 
trailing (270°W, solid lines) hemispheres; the dotted 
horizontal lines show the observed dark-terrain albedo 
(0.04) and that of the equatorial bright terrain near 
longitude 220°W (0.39). Stars on the model B net depo- 
sition plot indicate albedo instabilities discussed in the 
text. The bottom panel shows the actual albedo dis- 
tribution on lapetus, derived from a mosaic of Cassini 
images (43). The albedo scale is indicated by the scale 
bar, although the lapetus mosaic is not photometrically 
accurate and is scaled very approximately using the CIRS 
bright- and dark-terrain albedos that we determined. 


local thermal segregation (32) of bright and dark 
terrains at low latitudes on Iapetus’ trailing hemi- 
sphere (/8) also points to the importance of 
insolation-controlled migration of water ice. Anal- 
ogous temperature/albedo instabilities were seen in 
the same region in the last time step of model B 
(Fig. 3), where small differences in ice thickness 
resulting from numerical noise became greatly 
exaggerated, because regions with less ice were 
darker and thus lost their remaining ice faster, 
depositing it on neighboring bright regions. Al- 
though in the model this process was triggered by 
model artifacts, the instability that exaggerated 
those artifacts is a real physical process. 

A strong prediction of this model is that the dark 
material of Iapetus’ Cassini Regio should be essen- 
tially ice-free. On Iapetus’ dark terrain, with peak 
daytime temperatures of 129 K, 1 mm of ice should 
sublime in only 8000 years. Cassini Regio shows 
both a weak HO absorption edge at 160 nm (37) 
and a strong 3-um HO band (38), but these features 
may be due to bound water rather than HO ice. The 
weaker 1.5- and 2.0-um HO bands typically seen 
in planetary water ice are not seen in Cassini Regio, 
so if ice is present, it must be in micrometer-sized 
grains. However, micrometer-sized ice grains should 
sublime away in decades at these temperatures. 

The leading-side dark lag deposit, once formed, 
will thicken with time as impact gardening brings 
additional ice to the surface (a process not in- 
cluded in our model), and in turn that ice sub- 
limes as well. Any ice within the impact-gardened 
layer will thus be lost, and the thickness of the 
dark layer may be comparable to the depth of 
impact gardening, perhaps several tens of centi- 
meters (Fig. 2B). This is consistent with Cassini 
images showing small craters within the dark ter- 
rain with bright ejecta, rims, and crater floors (78). 
Here, recent impacts forming craters with diame- 
ters on the order of tens of meters and depths on the 
order of meters have apparently punched through 
the upper dark-material layer and excavated fresh 
subsurface ice. The abundance of bright craters 
may be consistent with sublimation darkening rates 
(31). Our model is also consistent with Cassini and 
ground-based radar observations, which suggest 
that the leading/trailing asymmetry is only tens of 
centimeters deep (31, 39, 40) (fig. S4). 
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one, Escremiz (Fig. 2, A and B), is about four 
times brighter than its surroundings. Only a few 
percent of these craters are more than twice as 
reflective as their environs, whereas all others have 
almost faded to the average albedo of Cassini Regio. 

If the darkening process is uniform for all fresh 
craters, then the brightest craters should be the 
youngest. With this concept as a guide, we roughly 
estimated when different craters were formed (5). 
Figure 2C shows that fresh craters fade very 
quickly. If a new crater has excavated icy material 
that is ~10 times brighter than the dark Cassini 
Regio coating (and, thus, about as bright as icy 
parts of the trailing side), it is only about half as 
bright ~10,000 years later. After ~10 million years, 
it has faded to approximately half of the brightness 
of the surrounding dark terrain. Extrapolating these 
data from the observed area to the whole Cassini 
Regio indicates that the largest bright-ray crater 
with an age similar to Escremiz should be ~200 m in 
size and that slightly more than 100 craters similar or 
larger in size and comparable or younger in age than 
Escremiz should exist on Iapetus’ dark hemisphere. 


lapetus: Unique Surface Properties 
and a Global Color Dichotomy from 
Cassini Imaging 


Tilmann Denk,?* Gerhard Neukum,? Thomas Roatsch,” Carolyn C. Porco,? Joseph A. Burns,* 
Gotz G. Galuba,? Nico Schmedemann,? Paul Helfenstein,* Peter C. Thomas,* 
Roland J. Wagner,” Robert A. West? 


Since 2004, Saturn’s moon lapetus has been observed repeatedly with the Imaging Science Subsystem 
of the Cassini spacecraft. The images show numerous impact craters down to the resolution limit of 
~10 meters per pixel. Small, bright craters within the dark hemisphere indicate a dark blanket 
thickness on the order of meters or less. Dark, equator-facing and bright, poleward-facing crater walls 
suggest temperature-driven water-ice sublimation as the process responsible for local albedo patterns. 
Imaging data also reveal a global color dichotomy, wherein both dark and bright materials on the 
leading side have a substantially redder color than the respective trailing-side materials. This global 
pattern indicates an exogenic origin for the redder leading-side parts and suggests that the global 
color dichotomy initiated the thermal formation of the global albedo dichotomy. 


ince 2004, the Imaging Science Subsystem 
CSS) (7) onboard the Cassini spacecraft 
has observed the saturnian moon Iapetus 
(Fig. 1 and table $1) during multiple campaigns 
(table S2), including a close, targeted flyby on 10 
September 2007 (2). One reason for Japetus 
being a primary target for the Cassini instruments 


repeatedly observed by Cassini ISS; it covers 
~40% of the surface and is precisely centered at the 
middle of Iapetus’ leading side at 0°N, 93.5°W (4). 
Cassini Regio is found to be homogeneously dark, 
with two exceptions: small, bright craters deep with- 
in the dark terrain and bright, mainly poleward- 
facing slopes closer to the edges. 
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was its unique global albedo dichotomy (3), the 
first surface property ever detected on a planetary 
moon outside the Earth-Moon system. The 
roughly elliptical, very dark area on the leading 
hemisphere (named Cassini Regio) has been 
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We have identified brighter-than-average 
craters with diameters up to ~200 m within the 
highest-resolution images; they display features 
ranging from subtly lightened rims to obvious 
bright floors and bright-ray systems. The brightest 
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The visual appearance of crater Escremiz 
implies that the dark material is, at most, a few 
meters thick. For a diameter of ~60 m, the crater 
depth should be on the order of ~10 m (6). 


Because Escremiz shows a completely bright 
crater floor and no indication of layering in the 
crater walls (Fig. 2B), its dark blanket should 
be much less thick, consistent with results from 


Fig. 1. Global views of lapetus’ dark leading side (left) (image IDs: N1482859847 to N1482859953) 
and its bright trailing side (right) (image IDs: N1568157586 to N1568160072); north is up. Turgis (17°N, 
28°W), with a diameter of ~580 km, is the largest known well-preserved basin on lapetus and is visible in 
the dark Cassini Regio at its eastern edge. The prominent basin on the southern trailing side (on the lower 
left side of the right-hand plot) is Engelier (41°S, 265°W, ~504 km). 


Fig. 2. (A) Bright cra- 
ters within the dark ter- 
rain, observed during 
closest approach of the 
targeted flyby. Bright-ray 
crater Escremiz (1.6°N, 
173.5°W, diameter ~60 
m; at the upper left) is the 
most prominent of the 
observed craters of this 
class on lapetus. Image 
ID: N1568127660. (B) 
Enlarged and contrast- 
enhanced display of 
Escremiz. (C) Bright- 
nesses of small craters 
within the dark terrain 
versus individual crater 
age, under the assump- 
tion that brightness and 


ae 


age are directly correlated and that the fading process o{ 
acts similarly on all fresh craters in the dark terrain. The 
crater ages (in million years, My) are approximations (5). 
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radar experiments that estimate thicknesses of 
only decimeters (7, 8). 

The other exceptions to the observed homoge- 
neity of Cassini Regio are bright, poleward-facing 
crater walls at mid-latitudes and near the eastern 
and western boundaries. Above ~28° latitude north 
or south on Iapetus’ leading side, still inside but 
near the northern or southern edge of Cassini 
Regio, the observed craters are dark, but the ma- 
jority of their poleward-facing rims and central 
peaks is bright and presumably icy (Fig. 1, left, 
and fig. S1). The strong correlation of the appear- 
ance of local dark/bright patches to their planeto- 
graphic latitude and slope direction suggests that 
they were formed through runaway temperature- 
driven water-ice sublimation (9). Whereas areas 
of lower solar irradiation remain bright, areas of 
higher irradiation lose their water-ice component, 
leaving behind the more refractory dark component. 

The visual appearance of bright craters with 
dark, equator-facing walls above ~45° latitude, just 
outside Cassini Regio (again on the leading side) 
(fig. S1) (0), is also a strong indication that this 
temperature-dependent effect takes place. Another 
possible interpretation, in which these dark slopes 
result from exogenically infalling material, appears 
unlikely. In this case, the orientation of the dark 
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slopes would be point-symmetric about the center 
of Iapetus’ leading side (the apex of motion) and 
not mirror-symmetric with respect to the equator, 
as observed by the Cassini camera. 

A common property of these local dark/bright 
variations is sharp albedo boundaries (at pixel 
scales of several tens to hundreds of meters), both 
inside and outside Cassini Regio. Discrete dark 
patches are even observed on the trailing side, far 
away from Cassini Regio. Near the equator (contin- 
uing to ~20° north or south latitude), these patches 
are often correlated with depressions, especially 
with dark-floored craters and troughs (fig. S2). At 
latitudes up to ~55°, dark patches are only seen on 
equator-facing slopes (fig. S3). At higher latitudes, 
no dark spot has been imaged on the trailing side. 

Besides very small craters and craters with 
distinct albedo patterns, a large number of regular 
impact craters of all sizes have shaped Iapetus’ 
landscape. The generally high crater density 
indicates that both the bright and the dark surface 
areas of Japetus are globally ancient. At large sizes, 
we find old, often degraded basins with diameters 
nearly reaching Iapetus’ radius (//). No other 
saturnian moon shows so many large basins. In 
many areas, craters smaller than ~S to 10 km follow 
a —2 power law in the cumulative crater size- 
frequency diagram, indicating an equilibrium 
distribution (“crater saturation”). However, there 
are also regions (for instance, within the large basins) 
where the smaller-crater frequencies do not lie along 
the —2 equilibrium distribution. For such terrains, 
and globally for craters >10 km in size, it is possible 
to determine the production function (Fig. 3). 

Our data also provide clear evidence that earlier 
hypotheses for the formation of the global albedo 
dichotomy, postulating infall of interplanetary or 
circum-saturnian dust as the cause, do not work. 
The complex mottling that appears along the 
boundary dividing the albedo dichotomy (fig. S4) 
prevents all explanations except those involving 
endogenic geologic activities or thermally driven 
sublimation processes, as in the thermal-migration 
model of Spencer and Denk (/2). However, to 
function properly, this model requires a small, 
continuous nonthermal darkening process on the 
leading side to initiate the longitudinal thermal 
asymmetry between the low-latitude terrain on the 
leading and trailing sides. 

A global color and brightness pattern, which is 
apparent in the ISS data and is distinct from the 
long-known global albedo dichotomy, could 
provide this required trigger. The spectral slopes 
of leading-side surface materials are generally 
steeper and redder than those of trailing-side 
materials across both bright and dark terrains at 
near-infrared wavelengths. At near-ultraviolet 
wavelengths, the dark material of the leading 
side has flatter spectra than that of the trailing side 
(Fig. 4). Unlike the more elliptically shaped 
albedo dichotomy, this color dichotomy is well 
separated into two simple hemispheres (Fig. 4 
and fig. S6). The approximate boundaries near the 
sub-Saturn and anti-Saturn meridians are gradual 
over hundreds of kilometers but are nevertheless 


obvious in the images. They arenotcorrelated with 
the dark terrain; rather, they subdivide even the 
otherwise (and colorwise) very homogeneous 
Cassini Regio into two different hues. Similarly, 
the bright mid-latitude and polar regions on the 
leading side are redder and darker than their 
counterparts on the trailing side (figs. S5 and S6). 

This hemispheric color pattern suggests an 
exogenic origin for the color dichotomy. Although 
rejected as potential causes for the albedo dichot- 
omy, some of the previously proposed hypotheses 
for the origin of the albedo dichotomy (via ballistic 
mechanisms) might actually explain the color 
dichotomy. We reconsider three options: (1) direct 
impact by interplanetary micrometeoroids (/3, 14), 
(ii) the continuous inflow of reddish dust that 
originates from the outer saturnian irregular 
satellites after they are struck by the interplanetary 


Fig. 3. Cumulative crater 
size-frequency distribution of 
lapetus, combining five indi- 
vidual measurements that 
are identified by different 
colors and symbols. Crater 
sizes of ~300 to ~600 m 
are missing because no area 
was observed at sufficient 
resolution that is young 
enough to show this part of 
the production function. 
Data-point roll-overs at the 
smaller sizes in each sample 
occur because of the limited 
spatial resolution of each of 
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flux (including macroscopic impacts) (/5—19), and 
(iii) collisions with ejecta formed during a one-time 
violent impact on Iapetus or another nearby moon 
(20). The dust in process (i) reaches Iapetus on 
interplanetary paths, whereas that from processes (ii) 
and (iii) travels on circumsaturnian orbits. Processes 
(i) and (11) would be long-term or ongoing, whereas 
(ili) would probably have happened early in the 
history of the solar system. 

Saturn’s ability to gravitationally focus inter- 
planetary material at Iapetus’ orbit is modest (2/). 
Thus, if interplanetary dust darkened and reddened 
Tapetus’ surface as strongly as in mechanism (i), the 
irregular saturnian moons should also be reddened 
substantially at visual wavelengths. However, this 
is not observed; Phoebe is not red (/8, 22). Fur- 
thermore, closer to Saturn, the dust flux should 
increase because of gravitational focusing, either 
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strongly reddening and darkening Mimas’ leading 
side or, alternatively, its trailing side and poles if 
plasma drag determines the paths of dust within the 
saturnian magnetosphere (23). Again, neither is 
observed (24). Therefore, interplanetary material is 
not a likely cause of Iapetus’ color dichotomy. 
An early giant impact [explanation (iii)] that 
created a debris swarm to later produce the color 
dichotomy also seems improbable. Cassini images 
show that Iapetus’ leading side is uniformly dark at 
low latitudes. Without a darkening process that 
continues at least until the time when the youngest 
medium-sized crater in Cassini Regio was emplaced, 
there is no obvious reason why such youthful craters 
like Malun (fig. S7) should have darkened as well, 
and Iapetus should exhibit some larger bright-floor 
and bright-ray craters deep within Cassini Regio. 
Yet, Cassini images do not show any hints of this. 
In hypothesis (ii), impact ejecta lost from the 
outer satellites must move inward. Solar-radiation 
pressure and Poynting-Robertson drag have been 
found to provide plausible mechanisms to spiral in 
dust along the warped Laplacian plane toward 
Iapetus’ leading side (16, 17, 19). For the gravity 
and surface area of an irregular moon, sizes on the 
order of tens of kilometers might provide the 
optimal dimensions (25). Phoebe (214 km) (/0) is 
larger, Ymir (~18 km) is about right, and the other 
27 known retrograde irregular moons (estimated 


IR3/GRN 


06 07 


sizes of ~4 to 8 km) (26) are somewhat undersized. 
Although the nine known prograde irregular 
moons (~7 to 40 km) fit better in this size range, 
they are not candidate sources because impacts of 
prograde dust on prograde Iapetus occur more or 
less isotropically with ~0 km/s, whereas impacts of 
retrograde dust occur head-on into the leading side 
at ~6.5 km/s and are swept up much more 
efficiently by Iapetus. The probability of collisions 
into Iapetus might even increase by more than one 
order of magnitude for particles coming with 
inclinations >170° (19), and of the dust released 
from the respective moons, fractions of more than 
20% might collide with Iapetus (77, 19). Substan- 
tial amounts of retrograde-orbiting debris might 
also have been produced by collisions of Phoebe 
and other retrograde moons with several former 
irregular moons (27, 28). A debris cloud similar to 
the one that is required for this model to work 
appears to have recently been found (29). 
Another argument for hypothesis (ii) is the 
appearance of chaotically tumbling Hyperion, the 
next known satellite interior to Iapetus. Its unusual 
reddish color and intermediate albedo (with respect 
to dark Cassini Regio and the bright icy surfaces of 
the other saturnian moons) might be a result of the 
same process that formed Iapetus’ color dichotomy 
(30), whereas Titan fully protects the inner moons 
from outer dust (/7). A prediction of this scenario 
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Fig. 4. Color-ratio diagram for parts of the anti-Saturn hemisphere of lapetus, showing the colors of the 
leading and trailing sides. Each dot represents a slope of a three-color spectrum in a particular, randomly 
selected location. The left axis displays the long-wavelength ratio [color ratio between images taken in the 
953 nm (IR3) and 563 nm (GRN) filters]; the horizontal axis gives the short-wavelength slopes [color ratio 
between images taken in the 340 nm (UV3) and GRN filters] of the spectra. (Inset) Image from which these 
color slopes have been measured (image IDs: N1476574148, N1476574185, and N1476574238). (Left) 
Normal contrast showing the color differences in the bright terrain; (center) enhanced contrast; (right) 
extreme contrast enhancement, indicating the color differences within the dark terrain. 


is that synchronously rotating, so far undetected, 
hypothetical moons outside Titan’s orbit should 
show a global asymmetry as well. 

However, issues remain even with this hypo- 
thesis. For instance, it is not known ifa few particu- 
larmoons provide the bulk of the dust or if all 
contribute similarly and if these moons even 
produce dust of the appropriate color. Furthermore, 
the colors of these moons are more or less unknown, 
as are processes such as dust grain-size selection by 
radiation effects. Other unanswered questions 
concern the sputtering physics of the dust, how 
impact-heating alters the dust’s color, possible 
magnetospheric influences on the dust transport 
(especially near the midnight side of Satum), and 
potential grain-size selection processes, but none of 
these appears insurmountable at first glance. 

Callisto (fig. S8), the outermost regular moon of 
Jupiter, and Neptune’s moon, Triton, do not exhibit 
anything similar to the Iapetus color dichotomy in 
Voyager or Galileo data (3/, 32). Because Callisto is 
located deep within the jovian magnetosphere and 
Triton possesses a thin atmosphere, their situations 
are very different from Iapetus’. The two atmo- 
sphereless regular moons orbiting permanently or 
temporarily outside the magnetosphere of Uranus 
are a better comparison. Indeed, Oberon and Titania 
revealed substantially redder leading versus trailing 
sides in Voyager 2 images, whereas the inner moons 
Umbriel, Ariel, and Miranda did not (33). It is 
plausible to assume that retrograde dust (with 
respect to the planetocentric system) from the outer 
Uranian moons coated the leading sides of those 
moons that are temporarily or permanently orbiting 
outside the magnetosphere, similar to the formation 
of the color dichotomy on Iapetus and the reddening 
of Hyperion in the satumian system. This compar- 
ison also suggests that dust and debris from outer 
moons is the most likely cause of the color 
dichotomy on Iapetus. 
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Transport networks are ubiquitous in both social and biological systems. Robust network performance 
involves a complex trade-off involving cost, transport efficiency, and fault tolerance. Biological 
networks have been honed by many cycles of evolutionary selection pressure and are likely to yield 
reasonable solutions to such combinatorial optimization problems. Furthermore, they develop without 
centralized control and may represent a readily scalable solution for growing networks in general. We 
show that the slime mold Physarum polycephalum forms networks with comparable efficiency, fault 
tolerance, and cost to those of real-world infrastructure networks—in this case, the Tokyo rail system. 
The core mechanisms needed for adaptive network formation can be captured in a biologically 
inspired mathematical model that may be useful to guide network construction in other domains. 


ransport networks are a critical part of the 

infrastructure needed to operate a modern 

industrial society and facilitate efficient 
movement of people, resources, energy, and 
information. Despite their importance, most net- 
works have emerged without clear global design 
principles and are constrained by the priorities 
imposed at their initiation. Thus, the main motiva- 
tion historically was to achieve high transport 
efficiency at reasonable cost, but with correspond- 
ingly less emphasis on making systems tolerant to 
interruption or failure. Introducing robustness 
inevitably requires additional redundant pathways 
that are not cost-effective in the short term. In recent 
years, the spectacular failure of key infrastructure 
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such as power grids (/, 2), financial systems (3, 4), 
airline baggage-handling systems (5), and railway 
networks (6), as well as the predicted vulnerability of 
systems such as information networks (7) or supply 
networks (8) to attack, have highlighted the need to 
develop networks with greater intrinsic resilience. 
Some organisms grow in the form of an inter- 
connected network as part of their normal forag- 
ing strategy to discover and exploit new resources 
(9-12). Such systems continuously adapt to their 
environment and must balance the cost of produc- 
ing an efficient network with the consequences of 
even limited failure in a competitive world. Unlike 
anthropogenic infrastructure systems, these biolog- 
ical networks have been subjected to successive 
rounds of evolutionary selection and are likely to 
have reached a point at which cost, efficiency, and 
resilience are appropriately balanced. Drawing in- 
spiration from biology has led to usefull approaches 
to problem-solving such as neural networks, ge- 
netic algorithms, and efficient search routines de- 
veloped from ant colony optimization algorithms 
(13). We exploited the slime mold Physarum 
polycephalum to develop a biologically inspired 
model for adaptive network development. 
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Physarum is a large, single-celled amoeboid 
organism that forages for patchily distributed 
food sources. The individual plasmodium ini- 
tially explores with a relatively contiguous for- 
aging margin to maximize the area searched. 
However, behind the margin, this is resolved into 
a tubular network linking the discovered food 
sources through direct connections, additional in- 
termediate junctions (Steiner points) that reduce 
the overall length of the connecting network, 
and the formation of occasional cross-links that 
improve overall transport efficiency and resil- 
ience (//, 12). The growth of the plasmodium is 
influenced by the characteristics of the sub- 
strate (14) and can be constrained by physical 
barriers (/5) or influenced by the light regime 
(16), facilitating experimental investigation of 
the rules underlying network formation. Thus, 
for example, Physarum can find the shortest 
path through a maze (/5—17) or connect dif- 
ferent arrays of food sources in an efficient 
manner with low total length (TL) yet short 
average minimum distance (MD) between pairs 
of food sources (FSs), with a high degree of 
fault tolerance (FT) to accidental disconnection 
(11, 18, 19). Capturing the essence of this sys- 
tem in simple rules might be useful in guiding 
the development of decentralized networks in 
other domains. 

We observed Physarum connecting a template 
of 36 FSs that represented geographical locations 
of cities in the Tokyo area, and compared the result 
with the actual rail network in Japan. The 
Physarum plasmodium was allowed to grow from 
Tokyo and initially filled much of the available 
land space, but then concentrated on FSs by 
thinning out the network to leave a subset of larger, 
interconnecting tubes (Fig. 1). An alternative 
protocol, in which the plasmodium was allowed 
to extend fully in the available space and the FSs 
were then presented simultaneously, yielded sim- 
ilar results. To complete the network formation, we 
allowed any excess volume of plasmodium to 
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accumulate on a large FS outside the arena (LFS 
in Fig. 2A). 

A range of network solutions were apparent 
in replicate experiments (compare Fig. 2A with 
Fig. 1F); nonetheless, the topology of many 
Physarum networks bore similarity to the real rail 
network (Fig. 2D). Some of the differences may 
relate to geographical features that constrain the rail 
network, such as mountainous terrain or lakes. 
These constraints were imposed on the Physarum 
network by varying the intensity of illumination, as 
the plasmodium avoids bright light (/6). This 
yielded networks (Fig. 2, B and C) with greater 
visual congruence to the real rail network (Fig. 2D). 
Networks were also compared with the minimal 
spanning tree (MST, Fig. 2E), which is the shortest 
possible network connecting all the city positions, 
and various derivatives with increasing numbers of 
cross-links added (e.g., Fig. 2F), culminating in a 
fully connected Delaunay triangulation, which rep- 
resents the maximally connected network linking 
all the cities. 

The performance of each network was char- 
acterized by the cost (TL), transport efficiency 
(MD), and robustness (FT), normalized to the 
corresponding value for the MST to give TLast, 
MDwmusz, and FTysrz. The TL of the Tokyo rail 
network was greater than the MST by a factor 
of ~1.8 (1.¢., TLystr ~ 1.8), whereas the average 
TLasr for Physarum was 1.75 + 0.30 (n = 21). 
Illuminated networks gave slightly better clus- 
tering around the value for the rail network (Fig. 
3A). For comparison, the Delaunay triangulation 
was longer than the MST by a factor of ~4.6. 
Thus, the cost of the solutions found by Physarum 
closely matched that of the rail network, with 
about 30% of the maximum possible number of 
links in place. The transport performance of the 
two networks was also similar, with MDygr of 
0.85 and 0.85 + 0.04 for the rail network and the 
Physarum networks, respectively. However, the 
Physarum networks achieved this with margin- 
ally lower overall cost (Fig. 3A). 

The converse was true for the fault tolerance 
(FTysr) in which the real rail network showed 
marginally better resilience, close to the lowest 
level needed to give maximum tolerance to a single 
random failure. Thus, only 4% of faults in the rail 
network would lead to isolation of any part, 
whereas 14 + 4% would disconnect the illuminated 
Physarum networks, and 20 + 13% would 
disconnect the unconstrained Physarum networks. 
In contrast, simply adding additional links to the 
MST to improve network performance resulted 
in networks with poor fault tolerance (Fig. 3B). 

The trade-off between fault tolerance and cost 
was captured in a single benefit-cost measure, ex- 
pressed as the ratio of FT/TLysr = a. In general, 
the Physarum networks and the rail network had 
a benefit/cost ratio of ~0.5 for any given TLysr 
(Fig. 3B). The relationship between different a 
values and transport efficiency (Fig. 3C) high- 
lighted the similarity in aggregate behavior of the 
Physarum network when considering all three per- 
formance measures (MDyisz, TLast, and FTysr). 
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Fig. 1. Network formation in Physa- 
rum polycephalum. (A) At t = 0, a 
small plasmodium of Physarum was 
placed at the location of Tokyo in an 
experimental arena bounded by the 
Pacific coastline (white border) and 
supplemented with additional food 
sources at each of the major cities in 
the region (white dots). The horizontal 
width of each panel is 17 cm. (B to F) 
The plasmodium grew out from the 
initial food source with a contiguous 
margin and progressively colonized 
each of the food sources. Behind the 
growing margin, the spreading myce- 
lium resolved into a network of tubes 
interconnecting the food sources. 


Fig. 2. Comparison of the Physarum 
networks with the Tokyo rail network. 
(A) In the absence of illumination, the 
Physarum network resulted from even 
exploration of the available space. (B) 
Geographical constraints were imposed 
on the developing Physarum network 
by means of an illumination mask to 
restrict growth to more shaded areas 
corresponding to low-altitude regions. 
The ocean and inland lakes were also 
given strong illumination to prevent 
growth. (C and D) The resulting network 
(©) was compared with the rail network 
in the Tokyo area (D). (E and F) The 
minimum spanning tree (MST) con- 
necting the same set of city nodes (E) 
and a model network constructed by 
adding additional links to the MST (F). 


Fig. 3. Transport performance, 
resilience, and cost for Physa- 
rum networks, model simula- 
tions, and the real rail networks. 
(A) Transport performance of 
each network, measured as the 
minimum distance between all 
pairs of nodes, normalized to 
the MST (MDysq) and plotted 
against the total length of the 
network normalized by the MST 
(TLyst) aS a measure of cost. 
Black circles and blue squares 
represent results obtained from 
Physarum in the absence or 


> 


Performance (MDyst) 


1.5 


presence of illumination, respectively. The green triangle represents the actual 
rail network. Open red circles represent simulation results as /) was varied from 
0.20 to 7.19 ata fixed y (= 1.80) and initial random fluctuations of D;. (B) Fault 
tolerance (FT), measured as the probability of disconnecting part of the network 
with failure of a single link. Crosses represent results for reference networks; other 


Fig. 4. Network dynamics for the 
simulation model. In this typical time 
course for evolution of the simula- 
tion, time (t) is shown in arbitrary 
units; cities are blue dots. Each city 
was modeled as a single FS, apart 
from Tokyo, which was an aggregate 
of seven FSs to match the importance 
of Tokyo as the center of the region. 
At the start (t = 0), the available 
space was populated with a finely 
meshed network of thin tubes. Over 
time, many of these tubes died out, 
whilst a limited number of tubes be- 
came selectively thickened to yield 
a stable, self-organized solution. y = 
1.80, Ip = 2.00. 


The rail network was embedded in the cluster of 
results for the Physarum networks with a margin- 
ally higher o value for the same transport effi- 
ciency (Fig. 3C). 

Overall, we conclude that the Physarum net- 
works showed characteristics similar to those of 
the rail network in terms of cost, transport efficien- 
cy, and fault tolerance. However, the Physarum 
networks self-organized without centralized con- 
trol or explicit global information by a process of 
selective reinforcement of preferred routes and 
simultaneous removal of redundant connections. 

We developed a mathematical model for adapt- 
ive network construction to emulate this behavior, 
based on feedback loops between the thickness of 
each tube and internal protoplasmic flow (/8—22) 
in which high rates of streaming stimulate an in- 
crease in tube diameter, whereas tubes tend to de- 
cline at low flow rates (23). The initial shape of a 
plasmodium is represented by a randomly meshed 
lattice with a relatively fine spacing, as shown in 
Fig. 4 (t = 0). The edges represent plasmodial 
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tubes in which protoplasm flows, and nodes are 
junctions between tubes. Suppose that the pres- 
sures at nodes i and j are p; and p;, respectively, 
and that the two nodes are connected by a cyl- 
inder of length L, and radius 7. Assuming that 
flow is laminar and follows the Hagen-Poiseuille 
equation, the flux through the tube is 


_ mr (p; —p;) _ Dj(P; —P;) 


1 
8nbj Lj “ 


9; 


where 7 is the viscosity of the fluid, and Dj = 
nr/8n is a measure of the conductivity of the 
tube. As the length Z, is a constant, the behavior 
of the network is described by the conductivities, 
D,, of the edges. 

At each time step, a random FS (node 1) is 
selected to drive flow through the network, so the 
flux includes a source term £,Q); = Jo. A second 
random FS is chosen as a sink (node 2) with a 
corresponding withdrawal of Jp such that 2,Q2; = 
—Ip. As the amount of fluid must be conserved, 
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symbols as in (A). Different values of the benefit/cost ratio, 0 = FT/TLysq, are 
shown as dashed lines. (C) Relationship between MDyst and o. Although the 
overall performance of the experiment and that of the real rail network are 
clustered together, the simulation model achieves better fault tolerance for the 
same transport efficiency. 


the inflow and outflow at each internal node must 
balance so that i i # 1, 2), £0, = 0. Thus, for a 
given set of conductivities and selected source 
and sink nodes, the flux through each of the 
network edges can be computed. 

To accommodate the adaptive behavior of the 
plasmodium, the conductivity of each tube evolves 
according to dDj/dt = f(|Q;|) — Dj. The first term 
on the right side describes the expansion of tubes in 
response to the flux. The second term represents 
the rate of tube constriction, so that in the absence 
of flow the tubes will gradually disappear. The 
functional form /(|Q}) is given by f(|Q)) = |O[’/A + 
\O\"), which describes a sigmoidal response where y 
is a parameter that controls the nonlinearity of feed- 
back (y > 0). A typical simulation result with Jp = 2 
and y = 1.8 (Fig. 4) gave a network with features 
similar to those of both the Physarum system and 
the rail network (Fig. 2, C and D, respectively). 

In general, increasing J) promoted the for- 
mation of alternative routes that improved per- 
formance by reducing MDysr and made the 
network more fault-tolerant, but with increased 
cost (Fig. 3, A to C, and fig. S11). Low values of y 
also gave a greater degree of cross-linking with 
an increased number of Steiner points (fig. S2, A 
and B). Conversely, decreasing /y (fig. S1A) or 
increasing y (fig. S21) drove the system toward a 
low-cost MST (Fig. 2E), but with an inevitable 
decrease in resilience (Fig. 3B). The final net- 
work solution also depended slightly on the 
stochastic variation assigned to the starting values 
of Dj. Judicious selection of specific parameter 
combinations (Jp = 0.20, y = 1.15) yielded net- 
works with remarkably similar topology and 
metrics to the Tokyo rail network (fig. S2B). How- 
ever, by increasing Jp to 2 and y to 1.8, the simula- 
tion model also achieved a benefit/cost ratio (a = 
FT/TLygr) that was better than those of the rail or 
Physarum networks, reaching a value of 0.7 with 
an almost identical transport efficiency of 0.85 
(Fig. 3C). Conversely, the consequence of the in- 
creased TLyst observed in the rail or Physarum 
networks would be to confer greater resilience to 
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multiple simultaneous failures at the expense of 
increased cost, rather than tolerance to a single 
disconnection that is evaluated by FT sr. 

Our biologically inspired mathematical model 
can capture the basic dynamics of network 
adaptability through iteration of local rules and 
produces solutions with properties comparable to 
or better than those of real-world infrastructure 
networks. Furthermore, the model has a number 
of tunable parameters that allow adjustment of 
the benefit/cost ratio to increase specific features, 
such as fault tolerance or transport efficiency, while 
keeping costs low. Such a model may provide a 
useful starting point to improve routing protocols 
and topology control for self-organized networks 
such as remote sensor arrays, mobile ad hoc net- 
works, or wireless mesh networks (24). 


References and Notes 
1. R. Albert, |. Albert, G. Nakarado, Phys. Rev. E 69, 
025103R (2004). 


2. R. V. Solé, M. Rosas-Casals, B. Corominas-Murtra, 

S. Valverde, Phys. Rev. E 77, 026102 (2008). 

. R. M. May, S. Levin, G. Sugihara, Nature 451, 893 (2008). 

4. J. Kambhu, S. Weidman, N. Krishnan, Econ. Policy Rev. 
13, 1 (2007). 

5. House of Commons Transport Committee, The Opening of 
Heathrow Terminal 5 HC 543 (Stationery Office, London, 
2008). 

6. Train Derailment at Hatfield (Independent Investigation 
Board, Office of Rail Regulation, London, 2006). 

7. R. Albert, H. Jeong, A.-L. Barabdsi, Nature 406, 378 (2000). 

8. R. Carvalho ef al., http://arxiv.org/abs/0903.0195 (2009). 

9. D. Bebber, J. Hynes, P. Darrah, L. Boddy, M. Fricker, 
Proc. R. Soc. London Ser. B 274, 2307 (2007). 

10. J. Buhl et al., Behav. Ecol. Sociobiol. 63, 451 (2009). 

11. T. Nakagaki, H. Yamada, M. Hara, Biophys. Chem. 107, 
1 (2004). 

12. T. Nakagaki, R. Kobayashi, Y. Nishiura, T. Ueda, 
Proc. R. Soc. London Ser. B 271, 2305 (2004). 

13. A. Colorni et al., Int. Trans. Oper. Res. 3, 1 (1996). 

14. A. Takamatsu, E. Takaba, G. Takizawa, J. Theor. Biol. 256, 
29 (2009). 

15. T. Nakagaki, H. Yamada, A. Toth, Nature 407, 470 (2000). 

16. T. Nakagaki et al., Phys. Rev. Lett. 99, 068104 (2007). 

17. T. Nakagaki, H. Yamada, A. Toth, Biophys. Chem. 92, 47 
(2001). 


w 


Measurement of Universal 
Thermodynamic Functions for a 


Unitary Fermi Gas 
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Thermodynamic properties of matter generally depend on the details of interactions between its 
constituent parts. However, in a unitary Fermi gas where the scattering length diverges, 
thermodynamics is determined through universal functions that depend only on the particle 
density and temperature. By using only the general form of the equation of state and the 
equation of force balance, we measured the local internal energy of the trapped gas as a 
function of these parameters. Other universal functions, such as those corresponding to the 
Helmholtz free energy, chemical potential, and entropy, were calculated through general 
thermodynamic relations. The critical parameters were also determined at the superfluid trans- 
ition temperature. These results apply to all strongly interacting fermionic systems, including 


neutron stars and nuclear matter. 


egenerate two-component Fermi systems 
D=« large scattering lengths are of great 

interest in diverse settings such as neutron 
stars (/—3), quark-gluon plasma (4), high critical 
temperature (7) superconductors (5), and reso- 
nantly interacting cold Fermi gases near Feshbach 
resonances (6—/8). Even though the temperature 
of these systems ranges widely from 10 ’ K for 
cold atoms to more than 10'* K for quark-gluon 
plasma, they exhibit remarkably similar behav- 
ior at the unitarity limit. As the scattering length 
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diverges, the universal thermodynamics that de- 
scribes these systems depends only on the particle 
density, n, and temperature, 7: This assumption is 
referred to as the “universal hypothesis (UH)” 
(19, 20). 

In the context of cold atoms, two fermionic 
alkali elements, SLi and OK have been suc- 
cessfully used to explore the physics of the uni- 
tarity limit (6—/8). This was possible because 
of the tunability of the fermion-fermion interac- 
tion and the stability of ultracold fermionic 
gases near Feshbach resonances (2/, 22). 
Recently, a comparison of the entropy-energy 
relations extracted from experimental measure- 
ments on both °Li and “°K provided evidence of 
universal thermodynamics at the unitarity limit 
(23). However, because a unitary Fermi gas is 
realized in a harmonic trap, the inhomogeneous 
atomic density distribution causes the thermo- 
dynamic quantities to be position-dependent. 


18. A. Tero, K. Yumiki, R. Kobayashi, T. Saigusa, T. Nakagaki, 
Theory Biosci. 127, 89 (2008). 

19. T. Nakagaki, R. Guy, Soft Matter 4, 57 (2008). 

20. T. Nakagaki, T. Saigusa, A. Tero, R. Kobayashi, in 
Topological Aspects of Critical Systems and Networks: 
Proceedings of the International Symposium, K. Yakubo 
et al., Eds. (World Scientific, Singapore, 2007), pp. 94-100. 

21. A. Tero, R. Kobayashi, T. Nakagaki, J. Theor. Biol. 244, 
553 (2007). 

22. A. Tero, R. Kobayashi, T. Nakagaki, Physica A 363, 115 
(2006). 

23. T. Nakagaki, H. Yamada, T. Ueda, Biophys. Chem. 84, 
195 (2000). 

24. |. Akyildiz, X. Wang, W. Wang, Comput. Netw. 47, 445 
(2005). 

25. Supported by MEXT KAKENHI grants 18650054 and 
20300105, Human Frontier Science Program grant 
RGP51/2007, EU Framework 6 contract 12999 (NEST), 
and NERC grant A/S/882. 


Supporting Online Material www.sciencemag.org/ 
cgi/content/full/327/5964/439/DC1 Figs. $1 and $2 


17 June 2009; accepted 20 November 2009 
10.1126/science.1177894 


Therefore, integration over the entire cloud pro- 
vides only indirect information on the relation- 
ship between each individual thermodynamic 
quantity and the particle density. To determine 
the universal thermodynamic functions using such 
an inhomogeneous system, the thermodynamic 
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Fig. 1. Universal function of the internal en- 
ergy. Universal functions of the internal energy 
(f-[6] = E/Ne,) plotted for an ideal Fermi gas 
(green diamonds) and for a unitary Fermi gas 
(red circles). The data are averaged over a suit- 
able temperature range. The error bars show 
the data spread of one standard deviation 
originating mainly from statistical errors. The 
green dashed curve shows the theoretical uni- 
versal function for the ideal Fermi gas, whereas 
the red solid curve shows the measured univer- 
sal function for the unitary Fermi gas. The red 
solid curve is obtained by fitting the data repre- 
sented by red circles so that it levels off at f-[0] = 
3(1 + B)/5 = 0.25 at the low-temperature limit, 
where f is the universal parameter (15), and ap- 
proaches the theoretical value obtained at the 
high-temperature limit (20). The blue square cor- 
responds to the critical point. 


22 JANUARY 2010 VOL 327 SCIENCE www.sciencemag.org 


quantities together with the density and temper- 
ature must be measured locally. 

According to the UH (/9, 20), all thermo- 
dynamic quantities are universal functions of 
the Fermi energy, ep(”) = i? (3n2n)?/ /2m, 
and the reduced temperature, which is defined 
as the ratio of the temperature to the Fermi 
energy, 0(n,7) = kgT/ep(n). Here, h is Planck's 
constant divided by 2x, m is the atomic mass, 
and kg is the Boltzmann constant. Therefore, 
the internal energy, £; Helmholtz free energy, 
F; chemical potential, u; and entropy, S, can 
be expressed simply by E = Ne;(n)f,[8], F = 
Nex(nyfi{0], u = er(n)fyl0], and S = Nkpfs{0], 
respectively. Here, /,[0], f-[9], f,[0], and fs[9] 
are the dimensionless universal functions of 
the reduced temperature, 8 (//), and N is the 
total number of atoms. Because the universal 
functions are mutually related through ther- 
modynamic relations, it is sufficient to know 
one of them to reproduce the others. 

To determine the universal functions, we 
start by noting that the local pressure, p, of a 
trapped gas is related to the internal energy 
density, & = ne,(n)f,[8], through the equation 
of state, p = 2&/3, at any temperature at the 
unitarity limit (//, 79). In thermal equilibrium, 
the mechanical equilibrium is determined by 


Fig. 2. Verifying the A ? 
universal function. (A) 2 
The internal energy per =_ 

particle, Ein, plotted & ! 
against the potential = * 
energy per particle, & , 


Enot, Where the former 3 
is determined by the 
universal function f-[6] 
and the latter from the 234 6 
density profile (red 
circles). The black solid 


Epot [1079 J] 


the balance between the internal force exerted 
by the gas pressure and the external force 
attributed to the trapping potential, Vira, (//), 
at position r: 


Vp(r) + n(r)VVrap (r) = 0 (1) 

Therefore, the spatial density profiles can be 
used to determine the local pressure. We solve 
Eq. 1 to determine the local pressure, p(r), 
from the measured atomic density distribution 
and the trapping potential. By relating f,(r) = 
3p(r)/2n(r)er(r) to the reduced temperature, 
@(r), at the same position, we can determine 
the universal function, f,{@], in a model- 
independent manner. In fact, we can deter- 
mine f<[0] over a wide range of temperatures 
from a single density profile because it contains 
information on the universal function ranging 
from f<{89] at the cloud center to fo] at the 
edge of the cloud; here, Q9 is the reduced tem- 
perature at the center of the cloud. 

We prepared a degenerate unitary Fermi 
gas containing the two lowest spin states of 
Li atoms in an optical dipole trap at the 
Feshbach-resonance magnetic field of 834 G 
(22). The temperature was controlled by the 
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line corresponds to Eyo¢ = Fint- (B) Comparison of the effective speed of sound between the 
values U1,meas, Measured experimentally and the values W1,ac determined from the universal 
function f,[6] (red circles). The black solid line corresponds to U1,meas. = U1,catc- The error bars in 
both graphs are estimated from the error bars of the measured f-[6] shown in Fig. 1. The energy 
range for both (A) and (B) is Etota/Er,trap = 0.5 to 1.2 (and the corresponding temperature range 


is TTetrap = 0-1 to 0.4), 
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Fig. 3. Various universal functions. (A) Experimentally determined 
universal function of the internal energy and the derived universal 
functions for (B) Helmholtz free energy, (C) chemical potential, and (D) 
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final trap depth of the forced evaporative 
cooling process, and the gas was held until 
the system reaches thermal equilibrium. The 
trap frequencies in the x, y, and z directions of 
the trapping potential, V;,.)(r), were precisely 
measured at several trap depths, and the 
measured values were interpolated over the 
entire range of trap depths to determine accurate 
trap frequencies at each point. The atomic den- 
sity distribution, n(r), was determined from the 
absorption image taken perpendicular to the ax- 
ial direction after a 3-ms free expansion at the 
same magnetic field. From the image, we con- 
structed the in situ three-dimensional atomic 
density distribution under the assumption of 
the local density approximation (LDA) [see 
(24) for a discussion on the validity of LDA], 
and this distribution was used to determine the 
universal function (25). The temperature, 7, was 
determined by using the thermometry applicable 
to a trapped unitary Fermi gas (/5), which al- 
lowed us to estimate 7/Tp jap from Ejoja/Egtrap- 
Here, Egtrp = ApTP,trap = ha(3N)'/° is the 
Fermi energy in the trap with @ being the 
geometric mean of the trap frequencies. Fjota) = 
3mw,’<z*> is the total energy per particle (//), 
where «, is the axial trap frequency and <z’> is 
the axial mean square size of the trapped gas. 
The temperature, 7; is obtained by multiplying 
the given 7/Tprap by Trtrap- 

To check the validity of our method, we first 
applied it to an ideal Fermi gas to determine its 
thermodynamic functions. The thermodynamics 
of an ideal Fermi gas can also be described by 
universal functions (different from those of a 
unitary gas); the equation of state, p = 2&/3, and 
Eq. | still hold. We took 50 profiles at 526 G, 
where the scattering length is zero, and analyzed 
them according to the procedure described above. 
Figure 1 plots the experimentally obtained ther- 
modynamic function of the internal energy for 
an ideal Fermi gas, f¢““"[6] (green diamonds), 
with the theoretical curve superimposed (dashed 
green curve). They are in close agreement, which 
indicates that we have successfully determined the 
thermodynamic function for the ideal Fermi gas 
from the atomic density distribution. 


o 


4s (9) 


entropy. The red solid (green dashed) curve shows the universal functions 
for a unitary Fermi gas (ideal Fermi gas). The critical points are shown by 
blue squares with error bars, respectively. 
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Fig. 4. Determination of the 
critical point and the condensate 
fraction curve. Condensate fraction 
plotted as a function of the 
reduced energy (black circles). 
The critical point is identified as 
the data point just before the 
emergence of the condensate frac- 
tion (blue open square indicated 
by the arrow). The purple vertical 
line corresponds to the ground- 
state of /1 + 8-3/4 = 0.48 at 
zero temperature in the trapped 
system (15). The red dashed curve 
is a fit to the function f(x) = 
B-{Max[1 — (x —X9)/(C —X0),0]}4 
to estimate the maximum con- 
densate fraction, where A, B, and 
C are the fitting parameters and 
Xo is fixed at 0.48. The results of 
the fit are as follows: A = 2.0 
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(0.3), B = 0.62 (0.03), and C = 0.82 (0.02). (Inset) Fraction curve as a function of T/T; t,ap, which is 
calculated from Etota/Er,trap by using thermometry for the trapped unitary Fermi gas. The fraction 
curve is fitted to the function f(x) = F -Max[1 — (x/E)?,0], where D and E are the fitting parameters 
and the maximum condensate fraction F is fixed at 0.62. From the best fit (red solid line), we find D = 
3.0 (0.1) and EF = 0.194 (0.01). Error bars indicate standard errors of the mean. 


Next, we applied our method to the unitary 
Fermi gas. We analyzed and averaged the data 
over some 800 profiles. We obtained /,[0] for 
various trap geometries and temperatures (25) 
and confirmed that f,[0] measured by our 
method is independent of the trap geometry. 
The red circles in Fig. 1 show the experimen- 
tally determined f;,[0] for the unitary Fermi gas. 
Each data point includes results from the 
profiles at different temperatures. Because of 
the effective attractive interaction at unitarity (3), 
F(8] for the unitary Fermi gas has lower values 
than f;“°"[6] for the ideal Fermi gas. By fitting 
the data points of f,[6] with a smooth curve, we 
obtain the universal function for the unitary 
Fermi gas. 

We tested the validity of the measured 
universal function of the internal energy in two 
ways. The first approach involves a comparison 
between the potential energy per particle, E,ot, 
and the internal energy per particle, E;,,, for a 
unitary Fermi gas trapped in a harmonic 
potential. Here, Epor is given by Enot = Etota/2, 
whereas Ein, iS given by the integration of the 
local internal energy over the volume, that is, 
Ein = Iner(n)fe[0|dV /N. Because Epor = Eint 
from the virial theorem (//), we can verify the 
obtained f;,[0] by comparing the two energies at 
various temperatures. They are in close agree- 
ment (Fig. 2A), which indicates that the /,[0] 
determined from our measurement gives the 
correct internal energy. In Fig. 2A, we find a 
deviation of about 5% between the data and the 
line Eyot = Eint, Which gives an estimate of error 
for f;[6]. 

The second approach involves the measurement 
of the velocity of the first sound. The unitary Fermi 
gas exhibits hydrodynamic behavior because lo- 


cal thermal equilibrium is achieved due to a large 
collision rate (6). According to hydrodynamic the- 


ory, i = yf |Jndxdy/mlfn(dp/on)s!dxdy|,_, 
is the effective speed of the first sound prop- 
agating along the axial direction at the center 
of an elongated unitary Fermi gas (26). Under 
the isentropic condition, 8 should be held con- 
stant (1/); thus, (6p/On); = (2/3)-(6E/6n), = 
10er(r)f;[8(r)]/9. Therefore, the speed of 
sound, 7%, can be calculated from f;[®]. In 
this study, we directly measured i by ap- 
plying density modulation at the center of the 
cloud, as demonstrated in (27), and we com- 
pared the result thus obtained with the 7 calcu- 
lated from /,[8]. The measured and calculated 
sound velocities are compared in Fig. 2B, show- 
ing close agreement at all temperatures, and 
once again proving the validity of our univer- 
sal function. 

We can now determine the other universal 
functions for the unitary Fermi gas. The uni- 
versal functions of the Helmholtz free energy, 
chemical potential, and entropy are derived 
from the standard thermodynamic relations, 
that is, fe[0] = fl®] — Of [8], 4.8] = {5f-[8] — 
20f-[0]}/3 and f:[6] = —-[0], respectively. The 
obtained thermodynamic functions are plotted 
in Fig. 3. 

The critical point for the superfluid transition 
was determined experimentally by detecting the 
emergence of the zero center-of-mass momen- 
tum component of the paired fermions with use 
of a rapid field-sweep technique (8—/0). We 
found the critical energy to be Ejota/Ertrap = 
0.78 (0.03) (blue open square in Fig. 4). This 
critical energy corresponds to the critical tem- 
perature of 7/Tptrap = 0.21 (0.02), as calculated 


using the thermometry in (/5), which agrees 
with the values of 0.21 (0.01) and 0.185 (0.015) 
obtained from the measurement of entropy (/5), 
0.20 from the measurement of heat capacity 
(15), and 0.19 (0.02) using the rapid field-sweep 
technique with temperature calibration (8). At 
the critical point, the reduced temperature is 
found to be 0, = 0.17 (0.01) from the peak 
atomic density and the cloud temperature, and 
consequently the universal functions have the 
values f;[6.] = 0.34 (0.02), f-{0.] = 0.20 (0.02), 
Aul8.] = 0.43 (0.01), and fs[6,] = 0.8 (0.3). For 
comparison, we list here some theoretical 
predictions of the values of the thermodynamic 
functions at the critical point: 0, = 0.225, 0.152 

(0.07), 0.16, 0.15 (0.01); f-[8.] = 0.4, 0.31 
(0.01), 0.304, 0.27 (0.01); f,[8.] = 0.459, 0.493 
(0.014), 0.394, 0.43 (0.01); and fs[0,] = 0.91, 
0.2 (0.2), 0.71, 0.19 [from (28), (29), (30), and 
(31), respectively]. 

From the universal function for entropy, f[8], 
we estimated the critical entropy per particle for 
the trapped system to be Si/kpitrap ~ 2.0 by 
integrating the local entropy over the volume 
with the density distribution at the critical 
temperature. This value is consistent with the 
value of 1.99 (0.15) that is obtained from the 
critical energy of 0.78 (0.03) through the 
relationship between energy and entropy for a 
trapped unitary Fermi gas (/4, /5), and it also 
agrees with the values of 2.2 (0.1) and 1.6 (0.3) 
obtained in earlier studies (/4, 15). This 
consistency strongly confirms the validity of the 
measured thermodynamic functions and critical 
parameters. 

Lastly, we note that the chemical potential 
shows a plateau below the critical temperature 
(Fig. 3C) and that the critical exponent of the 
condensate fraction curve is found to be 3.0 
(0.1) (Fig. 4 inset). This behavior is reminiscent 
of that of an ideal Bose gas below the critical 
temperature, even though the system is strongly 
interacting. 
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Direct Measurements of Island 
Growth and Step-Edge Barriers 


in Colloidal Epitaxy 


Rajesh Ganapathy,*+ Mark R. Buckley, Sharon J. Gerbode, Itai Cohen 


Epitaxial growth, a bottom-up self-assembly process for creating surface nano- and 
microstructures, has been extensively studied in the context of atoms. This process, however, 

is also a promising route to self-assembly of nanometer- and micrometer-scale particles into 
microstructures that have numerous technological applications. To determine whether atomic 
epitaxial growth laws are applicable to the epitaxy of larger particles with attractive interactions, 
we investigated the nucleation and growth dynamics of colloidal crystal films with single-particle 
resolution. We show quantitatively that colloidal epitaxy obeys the same two-dimensional island 
nucleation and growth laws that govern atomic epitaxy. However, we found that in colloidal epi- 
taxy, step-edge and corner barriers that are responsible for film morphology have a diffusive 
origin. This diffusive mechanism suggests new routes toward controlling film morphology during 


epitaxy. 


of a crystalline film on a substrate (/), 

plays a pivotal role in the fabrication of 
solid-state and organic semiconductor devices, 
the creation of strain relief nanostructured ar- 
rays, and the design of coatings with novel 
optical and mechanical properties (2). Under- 
standing the microscopic details of the various 
growth processes at work continues to be a 
central focus of surface- and materials-science 
research (/—6). More recently, this area of re- 
search has also branched out to include the 
self-assembly of nano- and microscale particles 
into crystalline thin films for the purpose of 
creating tailor-made metamaterials and photonic 
band-gap structures (7—1/). A variety of exper- 
imental techniques have been developed to study 
atomic homoepitaxy (/, /2), but these tools are 


| Eke which is the layer-by-layer growth 
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not appropriate for investigating kinetic pathways 
in epitaxy of nano- and microscale particles. 
Without knowledge of these kinetic pathways, 
kinetic Monte Carlo (KMC) simulations cannot 


predict accurate growth laws. In fact, at present, 
it is unclear whether the same kinetic barriers 
that govern nucleation and growth in atomic 
systems also govern nano- and microscale par- 
ticle epitaxy. 

We developed and integrated techniques in 
colloid science to study the epitaxy of micro- 
scale particles with an attractive short-range 
depletion interaction (/3). Because colloidal 
particles can be studied and manipulated at the 
single-particle level, they are particularly well- 
suited for investigating such phenomena. Our 
experiments show that the two-dimensional 
(2D) growth laws for atoms and colloids are 
remarkably similar. In addition, we found that 
for colloids, there exists an analog of the atom- 
ic Ehrlich-Schwoebel barrier (ESB), the ener- 
getic cost for moving a particle over a step 
edge or around an island comer (/4, 75). In 
atoms, this barrier is thought to arise from 
interparticle interactions that are comparable 
to the atomic spacing. We show that in col- 
loids, the barrier originates from the diffusive 
nature of the particle dynamics. Nevertheless, 
this effective barrier leads to similar nonuni- 
formities in the 2D and 3D island morphol- 


Fig. 1. Confocal micrographs of silica colloid monolayers. The particles are seen as dark circles in a 


bright fluorescent background. (A) Triangular lattice with lattice spacing of 1.05 um. (B) Square 


lattice with lattice spacing of 1.04 um. 
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ogies. These results demonstrate that key 
concepts derived from extensive studies on 
atomic epitaxial growth are directly applica- 
ble to film growth of larger-scale particles. 
In addition, because colloids act as good mod- 
el systems for studying statistical-mechanics 
phenomena (9, 10, 16-18), concepts gleaned 
from these colloidal deposition experiments 
should offer insights into atomic and nano- 
particle epitaxy. 

Our systems consist of charge-stabilized 
silica or polystyrene colloids with diameters 
of 1.0 or 1.3 um, respectively, and sodium 
polystyrene sulfonate or sodium carboxyl meth- 
yl cellulose polymers with a radius of gyration 
of about 50 nm. The polymers act as depletants 
that induce an effective attraction between the 
particles (/3) [supporting online material (SOM) 
text]. Each colloidal epitaxy experiment consists 
of sedimenting particles onto a substrate at a 
fixed flux F; which was determined by mea- 
suring the area fraction occupied by monomers 
and islands with time, and with units of mono- 
layers/s (12). To make contact with atomic epi- 
taxy experiments, a single crystalline colloidal 
monolayer, formed by binding particles to a 
lithographically patterned template, was used 
as the substrate (Fig. 1) (79). The sedimented 
particles perform a 2D random walk on the 
substrate by thermally activated hops and co- 
alesce into crystalline islands (movie S1). We 
found that the monomer surface diffusion con- 
stant D is about 0.01 (lattice constants)’/s, 
which is 100 times smaller than the diffusion 
constant for a free particle in liquid (SOM 
text). This decrease arises from depletion- 
induced bonds with the underlying substrate, 
creating an energetic barrier that must be over- 
come for particles to hop from one interstitial 


pees 


(1) t= 20 hrs (2) t= 40 hrs 
(3) t= 70 hrs (4) t= 96 hrs 


Fig. 2. (A) Four images from an island nucleation and growth experiment 
on a square template with D/F = 1300 + 100. (B) Island density measure- 
ments at various D/F values for square and triangular lattices. Square 
lattice data for D/F = 1300 + 100 (blue squares), D/F = 116 + 8 (black 
squares), D/F = 5.7 + 0.6 (green squares). Triangular lattice data for D/F = 
4200 + 233 (brown triangles), D/F = 130 + 10 (red triangles). (C) n, versus 
DIF for atomic deposition experiments (inverted black triangles); for KMC 
simulations (blue open squares) [from (12)]; rate equation with post-deposition 


n (island density) 
o 
8 


site to another. The ratio of D/F determines the 
size of the region explored by the particle be- 
fore it meets another particle, island, or step 
edge, and this ratio is a key parameter that 
governs thin-film growth (/, /2). 

To compare epitaxy of colloids and atoms, 
a significant overlap in D/F values is essential. 
The expression for D has an activated form 
D = Doexp(-U/kgT), where Do is the attempt 
frequency, U is the activation barrier, kg is 
Boltzmann’s constant, and 7 is temperature 
(/, 12). In colloid experiments, U can be made 
arbitrarily small by tuning the depletant con- 
centration. Thus, even though Do is approx- 
imately 10 * times as large as in atoms, by 
careful control over the deposition flux, D/F 
can be tuned from 10’ to 10*. For atomic 
deposition, 10. | < D/F < 10° (12). This signif- 
icant overlap in D/F values allows for quanti- 
tative comparison of the mechanisms governing 
film growth in these two systems. 

Snapshots of nucleation and island growth 
on a square lattice with D/F = 1300 + 100 are 
shown in Fig. 2A, 1 to 4. In our experiments, 
dimers act as stable nucleation sites. There- 
fore, we define an island as a cluster equal to 
or greater than two particles. With time, we 
observed nucleation of numerous disconnected 
islands that grew and eventually coalesced to 
form a single monolayer. The number of dis- 
connected islands per unit area, n, versus area 
fraction of islands, ©, for this D/F' ratio is 
shown by the solid blue squares in Fig. 2B. 
Initially, the monomer density on the substrate 
rises and leads to a linear increase in n (Fig. 
2A, 1 and 2, and movie 82). With further in- 
crease in the monomer density, 7 saturates at a 
critical density n,, because arriving monomers 
diffuse to nearby islands before encountering 
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other monomers. At later times, existing islands 
grow in size, leading to coalescence and a de- 
crease in n. By varying the substrate symmetry 
(movie S3), depletant concentration, and bulk 
colloid volume fraction, we were able to tune D 
and F independently. This allows for conduct- 
ing epitaxy experiments at different D/F ratios 
(Fig. 2B). 

We compared the measured n, versus D/F 
for our colloid experiments (Fig. 2C, solid 
symbols) with those from atomic experiments 
(inverted open triangles) (20), atomic KMC 
simulations (open squares) (/2), rate equation 
with post deposition mobility (brown line), 
and the rate equation for stable islands (green 
line) (20). We found quantitative agreement 
between the colloid and atom data. At a high 
DIF ratio, our data approach the n, & (D/F) '° 
scaling predicted by classical nucleation theory 
for systems where dimers form stable islands 
(12, 20). At D/F = 50, n, reaches a maximum 
and decreases for lower D/F ratios (green line), 
because diffusion becomes slow and fewer islands 
nucleate and grow during deposition (20, 21). 
We found that the measured saturation value for 
n, agrees with the atomic experiments and the 
theoretical prediction for systems with stable 
dimer islands. Finally, we found that the average 
size of 2D islands increases with increasing D/F 
(SOM text), and this behavior is consistent with 
the trend observed in atomic epitaxy (/2). These 
data indicate that scaling laws that are relevant 
for atoms carry over to 2D film growth of 
larger-scale particles with attractive interactions. 

In addition to controlling island growth, con- 
trolling island morphology is of central impor- 
tance in the growth of high-quality crystalline 
films (7, 22). In atoms, the fundamental param- 
eters that determine island morphology in two 
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mobility is represented by the brown line; rate equation for stable islands is 
represented by the green line [from (20, 21)]. The colloid epitaxy exper- 
iments with silica particles on the square lattice are shown by green solid 
squares, whereas those on the triangular lattice are shown by red solid 
triangles. n, is obtained from fitting a cubic polynomial to the n versus O 
data. An experiment with polystyrene particles on a square lattice is shown 
by the orange solid diamond. The data correspond to systems where dimers 
form stable island nuclei. 
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and three dimensions are the island-corner and 
the ESB step-edge kinetic barriers (/, 14, 15, 23), 
respectively. Such barriers are thought to arise 
from the interactions between the atoms and 
their neighbors. Specifically, as an atom hops 
from one interstitial site to another on the same 
island, it must break bonds with its nearest 
neighbors and form bonds at the new site. 


Fig. 3. (A) Schematic of 
an adatom diffusing near 
an island step edge. (B) 
Energy landscape for atoms 
near a step edge. (C) Image 
of islands growing on the 
monolayer substrate. (D) 
Image of islands nucleating 
on top of islands shown in 
(© (red outline). The sepa- 
ration between islands in 
(© is ~8.0 lattice constants, 
whereas the radius of the 
islands in (D) is ~2.5 lattice 
constants. Such features in 
atomic systems are associ- 
ated with a step-edge bar- 
rier. (E) Polystyrene colloid 
diffusing on a colloidal 
monolayer with triangular 
symmetry. The trajectory of 
the colloid during a 180-s 
interval is shown in red with 
green dots. (F) Trajectory of 
a polystyrene colloid diffus- 
ing on a three-particle 
island over 180 s. Island 
rearrangements in our ex- 
periments are rare. (G) In- 
terstitial residence time 
distribution for a colloidal 
particle diffusing on a 
monolayer (top) and for a 
particle diffusing on a three- 
particle island (bottom). (H) 
Energy landscape for col- 
loids near a step edge. 
(I) Residence time ratios 
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periments are shown as black 
squares. Error bars are on 
the order of the symbol size 
and show SEM. Simulations 
in the strong interaction 
limit (red circles) and weak 
interaction limit (green circles) 
are shown. (J) Experimental 
mean interstitial residence 
times on a 15-particle island. 
Color bars indicate residence 
time. 


15-particle island 


Because the range of the interaction in atomic 
systems extends beyond the size of an atom, 
new bonds are able to form as the old ones are 
broken. This minimizes the energetic cost for 
going through the lower coordination number 
state during the hop. The distances between 
sites straddling a step edge or corner are longer 
than those between other adjacent sites on the 
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island; therefore, the energetic barriers for hop- 
ping over step edges and corners are substan- 
tially larger (Fig. 3, A and B). Because depletion 
interactions in our colloidal epitaxy experiments 
are very short-ranged, extending to only 1/20 of 
the particle diameter, these arguments do not 
hold for our system. Nevertheless, in our ex- 
periments on colloids, we did find evidence of 
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such barriers. For example, we observed nucle- 
ation on top of islands even when the separa- 
tion between them was larger than the average 
island size. Furthermore, our data are consistent 
with a decrease in the fractal dimension of 2D 
islands with D/F (SOM text). These phenome- 
na in atomic epitaxy are associated with ESB 
step-edge and island-comer barriers (Fig. 3, C 
and D) (1). 

To determine unambiguously whether a step- 
edge barrier exists for colloidal particles with 
short-ranged interactions, it is necessary to com- 
pare hopping dynamics of particles moving 
from one island interstitial site to another with 
those of particles descending island step edges. 
To quantify these dynamics, we used holographic 
optical tweezers (Arryx) (24) to place individ- 
ual colloids on islands consisting of different 
numbers of particles (SOM text and movie 
S4). We then turned the tweezers off and 
tracked the colloids as they moved to different 
island sites (movies S5 and S6). Particle 
trajectories of 180-s duration are shown for a 
large triangular island, where the diffusing 
colloid explores only interior interstitial sites 
(Fig. 3E), and a three-particle triangular is- 
land, where all excursions are over step edges 
(Fig. 3F). The trajectories show that island 
step edges significantly confine the space ex- 
plored by a diffusing monomer. By repeating 
these experiments a total of 600 times, we 
quantified the difference in residence times 
between interstitial sites away from step edges 
and those at a step edge. The peak values of 
the interstitial residence time for a monomer at 
a step edge is substantially larger than the 
residence time for a monomer in the island 
interior (Fig. 3B). This increase indicates that 
despite the short-range nature of the particle 
interactions, step-edge barriers also exist in 
colloidal epitaxy. 

The particle trajectories in Fig. 3, E and F, 
show that once a bond is broken with the 
underlying lattice, colloid monomers predom- 
inantly diffuse along local 1D _ trajectories 
corresponding to the valleys formed by the 
underlying particles (Fig. 3H). Because par- 
ticles on islands with triangular symmetry 
must diffuse 2.8 times farther to descend a 
step edge (SOM text), the diffusion time and 
the probability of returning to the origin (25) 
and reforming the original bond increases. 
Thus, we expect that the mean residence time 
will increase with the number of longer path- 
ways p. To test this prediction, we conducted 
100 independent experiments with a total of 
1089 monomer moves on a 15-particle trian- 
gular island, where different perimeter sites 
have different p (movie S7). We combined 
these data with measurements on the large 
triangular island (Fig. 3E) and three-particle 
island (Fig. 3F). We plotted the ratios of the 
mean residence times for sites with p = 0, 1, 
2, or 3 to the mean residence time on an 
interior site (Fig. 31) and the mean residence 


times for all sites on the 15-particle island 
(Fig. 3J). In accordance with the prediction, 
we found that the mean residence time in- 
creases with p. 

Depending on the strength of the depletion 
interaction, there are two limiting regimes. In 
the weak-interaction limit, the bond breaking 
time is small and the time taken to diffuse 
between sites is the dominant contribution to 
the mean residence time. For diffusion, the 
mean-squared displacement increases linearly 
with time. Therefore, the mean residence time 
scales as the square of the path length. In the 
strong interaction limit, the bond-breaking 
time dominates. For a 1D random walker 
between partially absorbing boundaries, the 
number of returns to the origin grows linearly 
with the path length (26). Because the particle 
re-forms the bonds upon each return, the mean 
residence time increases linearly with the path 
length. To determine whether either limit is 
appropriate for describing our experiment, we 
modeled the process of moving from one in- 
terstitial site to another as a 1D random walk 
on three line segments that share a common 
origin and are terminated by absorbing bound- 
aries (27) (SOM text). We have numerically 
implemented this model and calculated the 
mean residence time ratios in both the dif- 
fusive and strong-interaction limits. The ex- 
perimentally observed mean residence time 
ratios are consistent with the strong interaction 
limit (Fig. 31). 

Collectively, these results indicate that 
epitaxy in colloidal systems is remarkably 
similar to epitaxy in atoms. We have shown 
that, as with atoms, the D/F ratio dictates the 
2D growth laws. In addition, we have un- 
covered a novel dynamic mechanism that 
leads to step-edge and corner barriers even in 
systems with short-range interactions. Imple- 
menting techniques that use gravity or elec- 
tromagnetic fields to bias the diffusion of 
particles down step edges would lower the 
step-edge barrier and lead to substantially 
smoother films. Such techniques might also 
be applicable for tuning barriers in nano- 
particle and molecular systems. The powerful 
array of tools that we have brought together to 
investigate colloidal epitaxy may also be help- 
ful in elucidating mechanisms that have prov- 
en difficult to study in atoms, such as dynamic 
stress relaxation mechanisms in strained layer 
heteroepitaxy (6). Finally, given the rapid ad- 
vances in synthesizing micro- and nanoscale 
colloidal particles with directional interactions 
(28) and anisotropic shapes (29), we expect 
that future epitaxy experiments with such par- 
ticles will lead to a valuable exchange of ideas 
among the fields of microparticle, nanoparti- 
cle, and atomic epitaxy. 
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2381/25) Variations in Meteorites: 
Extant @*’Cm and Implications 


for Pb-Pb Dating 


G. A. Brennecka,’* S. Weyer,”+ M. Wadhwa,’ P. E. Janney," J. Zipfel,? A. D. Anbar?’ 


The 77°U/?35U isotope ratio has long been considered invariant in meteoritic materials (equal to 
137.88). This assumption is a cornerstone of the high-precision lead-lead dates that define the 
absolute age of the solar system. Calcium-aluminum-—rich inclusions (CAIs) of the Allende meteorite 
display variable **°U/??°U ratios, ranging between 137.409 + 0.039 and 137.885 + 0.009. This 
range implies substantial uncertainties in the ages that were previously determined 

by lead-lead dating of CAls, which may be overestimated by several million years. The correlation 
of uranium isotope ratios with proxies for curium/uranium (that is, thorium/uranium and neody- 
mium/uranium) provides strong evidence that the observed variations of *?°U/*?°U in CAls were 
produced by the decay of extant curium-247 to uranium-235 in the early solar system, with an 


eteorites can provide a wealth of infor- 
mation about the formation and evolu- 
tion of the solar system. In chondrite 
meteorites, calcium-aluminum-rich inclusions 
(CAIs) represent the first solids to condense from 
the cooling protoplanetary disk during the birth 
of the solar system (/); therefore, the ages of 
CAIs are generally considered to date the solar 
system’s origin (2-4). High-precision Pb-Pb dat- 
ing studies, which rely on a known ratio of par- 
ent U isotopes, assume that the 238U/°35U ratio is 
invariant in meteoritic material (equal to 137.88) 
(5). Uranium isotope variations in meteorites may 
be produced by many mechanisms, including 
the decay of extant **’Cm to 7*°U, nucleosyn- 
thetic anomalies in U isotopes, or fractionation of 
U isotopes during chemical reactions, as recently 
observed on Earth (6, 7). Any or all of these mech- 
anisms may play some role in **U/°U variability 
in early solar system materials; however, the exist- 
ence and effect of *’Cm on the 7**U/°U ratio can 
be studied using geochemical proxies for Cm. 
°47Cm is only created in certain types of su- 
pernovae during r-process nucleosynthesis. It 
decays to *°U with a half-life of 15.6 million years 
(My) (8—/3). If *47Cm was present during the 
formation of the solar system, it would be de- 
tected by variations of 28 /U) in ancient me- 
teoritic materials in which the original solar 
system Cm/U ratio may have been substantial- 
ly fractionated by processes associated with the 
formation of the meteoritic materials. The CAIs 
in chondritic meteorites are likely to be such ma- 
terials, because many of them experienced ele- 
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mental fractionation during condensation and 
evaporation processes that were involved in their 
formation and because Cm is more refractory 
than U (/4). 

Quantification of the abundance of extant 
*47Cm has the potential to provide new con- 
straints on the origin of short-lived radionuclides 
in the early solar system. If the *’Cm in the early 
solar system was predominantly inherited from 
galactic chemical evolution (/3), then it should 
be possible for us to determine the time interval 
of free decay (A) between the last ~-process nu- 
cleosynthetic event and the formation of the solar 
system (5, 1/, 15, 16). Supposed claims of large 
variations in the **8U/°*5U ratio that were caused 
by the decay of “’Cm (8, 9) were refuted in sub- 
sequent studies (5, /0, 11, 17). Here we present 
high-precision ***U/*°U ratios obtained from 
13 CAIs of the Allende meteorite to quantify the 
amount of **’Cm present in the early solar sys- 
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tem and to determine the extent of potential off- 
sets in the calculated Pb-Pb ages of early solar 
system materials (/8). 

The **°U/?*°U ratios of the two bulk mete- 
orites (Allende and Murchison) are 137.818 + 
0.012 and 137.862 + 0.042, respectively (Fig. 1). 
The 13 CAIs show a large range of U isotope 
compositions, with **8U/?°U ratios varying from 
137.409 + 0.039 to 137.885 + 0.009. All but two 
CAIs differ outside uncertainties from the standard 
value, and five CAIs have significantly lower 
38U/°35U values than that of bulk Allende. 

If *’Cm decay is the primary mechanism 
for *8UP*U variability, then materials with a 
high initial Cm/U value would contain a higher 
relative amount of **°U than those with lower 
initial Cm/U values. However, because Cm has 
no long-lived stable isotope, the initial Cm/U 
ratio of a sample cannot be directly determined. 
Because Th and Nd have similar geochemical 
behavior to Cm, Th/U and Nd/U ratios can serve 
as proxies for the initial Cm/U ratio in the sample 
(9, 11). Our sample set spans a large range of 
Th/U and Nd/U, and both these ratios correlate 
with the U isotopic composition (Fig. 2). 

Because of the higher volatility of U, thermo- 
dynamic calculations suggest that substantial frac- 
tionation of Cm (and other geochemically similar 
elements such as Th and Nd) from U is possible 
in the early solar nebula (/9). Large variations 
in the Th/U and Nd/U ratios seen in our CAI 
data set (table S1) support this claim. A special 
group of CAIs, called group II CAIs, are distin- 
guished by a unique abundance pattern of the 
rare earth elements (REEs). Group II CAIs are 
highly depleted in the most refractory (that is, 
heavy REEs, except Tm and Yb) and the most 
volatile (that is, Eu and Yb) REEs, yet the mod- 
erately refractory light REEs (including Nd) are 
only present in chondritic relative abundances 
(20). This REE pattern, which is characteristic of 
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group II CAIs, suggests a complex condensa- 
tion history involving fractional condensation 
(21, 22). The four CAIs of this study that have & 
the highest Nd/U and Th/U ratios (as well as 3S 
the lowest 77°U/"*°U ratios) are all classified as sé _ 
group II CAIs by their REE patterns (Fig. 3). BS 
Because of the lower condensation temperature 32 
of U relative to Nd and Th (23), the fractional Bx 
condensation history that resulted in the char- = 1.0 
acteristic group II REE pattern in these objects s 


is likely to have produced the relatively high 
Nd/U and Th/U ratios. 

The correlation of both Th/U and Nd/U with 
U isotope ratios in the CAIs indicates that the 
38U/°3°U variations do not arise from nucleo- 
synthetic anomalies or U isotope fractionation, 
neither of which easily give rise to such a trend, 
and instead provide evidence for the presence 
of extant *4’Cm in the early solar system. Under 
this interpretation, deviations from the best-fit 
lines in Fig. 2 could be caused by heterogene- 
ity of *8U/**U in the solar nebula, Th and Nd 
acting as imperfect proxies for Cm, or 8U?°U 
fractionation following Allende CAI formation, 
possibly from variable redox during secondary 
alteration processes (7). 

In contrast to our findings, a recent study did 
not detect deviations in the 7°U/"5U ratio among 
a variety of bulk meteorite samples, including 
Allende and Murchison (//). Given the reported 
precision of the study’s U isotope analysis, the 
'4nId/°38U ratios should have been sufficient to 
reveal detectable variations in **U/°U from 
47Cm decay. Although the “*U/*U value of bulk 
Murchison samples agrees within error with our 
observed values, those for bulk Allende differ 
well outside of reported errors. The reason for 
this disagreement is unclear at this time. 

The initial “7Cm/**°U ratio in the early solar 
system can be estimated by using the slopes of 
the best-fit lines in Fig. 2 (//). Using Th and Nd 
as proxies for Cm, we estimate the initial solar 
system **’Cm/*U ratio to be 2.4 x 10 + + 0.6 x 
10 4 and 1.1 x 10 * + 0.2 x 10+, respectively. 
The difference between the estimates may be 
due to slight differences in the geochemical be- 
havior of Th and Nd or possibly because of un- 
certainties in the assumed solar system Nd/U or 
Th/U ratios. Nevertheless, these values are, on 
average, higher than the upper limit derived pre- 
viously using analyses of the U isotope com- 
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Fig. 3. REE patterns of four group II CAls analyzed in this study, normalized to Cl chondrites. All other 
CAI samples studied here (except 3531-D, for which the REE abundances were not measured) display 
flat REE patterns, indicating chondritic relative abundances of these elements (light gray lines). 
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Fig. 4. Age adjustment required for samples found not to have a “?°U/*?°U value of 137.88, as assumed 
in the Pb-Pb age equation (Eq. 1). The shaded region represents the range of U isotope compositions 
reported in this study, and the asterisks represent the specific 77°U/22°U ratios measured in these samples. 


positions of bulk chondritic meteorites (77). Our 
estimates are, however, in agreement with the 
upper limit of ~4 x 10° that was determined pre- 
viously based on analyses of CAIs (12). If *7Cm 
is inherited from galactic chemical evolution, 
the range of initial solar system *4’Cm/?*°U 
ratios estimated here translates to A ~ 110 to 
140 My. This value is similar to, but more 
precise than, previous estimates of A based on 
the inferred initial solar system abundances of 


other r-process—only radionuclides such as *“*Pu 
and '*°I, but does not match the significantly 
shorter estimate of A (~30 My) derived from the 
initial abundance of '**Hf (76). However, be- 
cause '*?Hf was overabundant in the early solar 
system compared with its expected abundance 
from galactic chemical evolution, it may have 
been injected into the presolar molecular cloud or 
the solar nebula by a nearby supernova event [for 
example, (/3)]. 
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Our findings also have implications for pre- 
cise dating of early events in the history of the 
solar system. The Pb-Pb age equation (Eq. 1) 
has been used for decades to calculate the abso- 
lute ages of both meteoritic and terrestrial ma- 
terials (24). This equation assumes that 238 PSU 
is invariant at any given time, and that the present- 
day value is 137.88. 


206 pp* 235 [Jehaast —] 1 ehaast —] 
206Ph* — 38 Uehwt — | 137.88 eds! — ] 
(1) 


Here, 4 is the decay constant for the specific 
isotope and ¢ is the age. Any deviation from this 
assumed **U/?*°U would cause miscalculation 
in the determined Pb-Pb age of a sample. A 
difference of up to 3.5 per mil (%o) implies that a 
correction of up to —5 My would be required if 
the Pb-Pb ages of these CAIs were obtained 
using the previously assumed 7*8U/?**U value 
(Fig. 4). 

Because 7*8U/?°U variations in solar system 
materials are not restricted to CAIs, this require- 
ment may extend to high-precision Pb-Pb dating 
of other materials as well. It is possible, how- 
ever, that the 72°U/?°U values of bulk chondrites 
are controlled to a substantial degree by CAIs, 
which may be heterogeneously distributed at the 
scale at which these analyses were made. 

The Pb-Pb dating technique is the only ab- 
solute dating technique able to resolve age dif- 
ferences of <1 My in materials formed in the 
early solar system. Whereas the full range of 
38U/?°U ratios reported here would result in an 
overestimation of the ages of these CAIs by up 
to 5 My, the largest excesses (>3.5%o) in 7°U 
occur in the group II CAIs that appear to have 


experienced the largest Cm/U fractionation. 
For non-group II CAIs, the age overestimation 
is <1 My. The apparent discrepancies between 
absolute Pb-Pb ages and relative (for example, 
?6A1-?Mg, *°Mn-*Cr, and '**Hf-'**W) ages 
(2, 4, 25, 26) may therefore place limits on the 
uncertainty of the age of the solar system. 
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Contribution of Semi-Arid Forests 
to the Climate System 


Eyal Rotenberg and Dan Yakir* 


Forests both take up COz and enhance absorption of solar radiation, with contrasting effects 

on global temperature. Based on a 9-year study in the forests’ dry timberline, we show that 
substantial carbon sequestration (cooling effect) is maintained in the large dry transition zone 
(precipitation from 200 to 600 millimeters) by shifts in peak photosynthetic activities from summer 
to early spring, and this is counteracted by longwave radiation (L) suppression (warming effect), 
doubling the forestation shortwave (S) albedo effect. Several decades of carbon accumulation 
are required to balance the twofold S + L effect. Desertification over the past several decades, 
however, contributed negative forcing at Earth's surface equivalent to ~20% of the global 
anthropogenic CO effect over the same period, moderating warming trends. 


he need to generate measurement-based 
estimates of biosphere-atmosphere carbon 


and energy exchange on land (J, 2) led to 
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global observational efforts to measure the car- 
bon, water, and radiation fluxes at the canopy 
scale (www.fluxnet.ornl.gov). Obtaining primary 
data from semi-arid regions is important prin- 
cipally because of their size [2.4 billion ha or 
~17.7% of total land surface area (3)] coupled 
with their low clouds—high solar radiation con- 
ditions: 18 to 21 and 10 to 13 MJ m® day | in 


semi-arid and temperate regions, respectively (4). 
These regions have potentially large impacts on 
local climate (5—7) and the global radiation bud- 
get and represent climatic conditions predicted 
for large areas of currently wetter regions (8). 
We used the concept of “radiative forcing” as a 
metric for comparing changes in surface energy 
balance with carbon uptake and storage asso- 
ciated with semi-arid forestation. 

We used a field research site with continuous 
flux measurements of CO>, water vapor, and en- 
ergy established in 2000 in a 2800-ha pine forest 
(Yatir) in southern Israel, using methodology es- 
tablished in the Euroflux network (9). The forest 
represents a low-stature (10 m), low-density [leaf 
area index (LAI) ~ 1.3] woody vegetation eco- 
system at the dry timberline (285 mm mean pre- 
cipitation). The forest maintains relatively high 
productivity, with a mean annual net ecosys- 
tem CO, exchange (NEE) of 2.3 ton C ha ' for 
the study period (0), compared with ~2.0 ton C 
ha! in European pine forests and a Fluxnet 
mean of ~2.5 ton C ha | (Table 1). This reflects 
moderate mean annual gross primary pro- 
ductivity (GPP) coupled with low mean annual 


www.sciencemag.org SCIENCE VOL 327 22 JANUARY 2010 


451 


i REPORTS 


carbon loss in respiration (R,), resulting in a 
high NEE/GPP ratio (Table 1). 

The indicators of high carbon use efficiency 
are associated with a range of eco-physiological 
adjustments (//), as well as potential increase in 
fire hazard (/2). The most fundamental adjust- 
ment is the “homeostatic-like” stability in am- 
bient conditions during time of peak activity 
reported in Fig. 1. Moving from the northern 
(Finland) to the southern (Israel) pine forest 
sites, time of peak GPP shifts from July and 
August to mid-March, narrowing down sub- 
stantially the climatic gradient, such as in air 
temperature from 17.4°C (annual mean) to 
4.6°C (time of peak GPP, when mean temper- 
ature is 17.0° + 1.5°C, excluding one outlier 
maritime site), or in incoming global irradiance 
(Eg, from 150 W m ~ annual mean to 67 Wm ~ 
for time of peak GPP). For a first approxima- 
tion, the change in day of year of peak GPP 
(DOYepp) is best described by the gradient in 
annual mean E£,: DOYgpp = —0.71 (Eg) + 263.1 
(R? = 0.87), or 7 days advance for each increase 
of 10 W m ° in annual mean global radiation. 
The trend depicted in Fig. 1 is for European pine 
forests, reflecting plasticity within a single vege- 
tation type rather than changes in species com- 
position along geographical and climatic gradients 
(13). This homeostatic-like ecosystem-scale be- 
havior also provides an alternative perspective to 
the proposed leaf-level “homeostatic” temperature 
reconstructed from oxygen isotopic records in 
plant matter (/4). 

The adjustments in timing and productivity 
noted above provide a contrasting and more op- 
timistic long-term view of forest productivity 
and carbon uptake than those based on episodic 
droughts in temperate climates. For example, 
signature drought years like 2003 in Europe (/5) 
indicated massive losses of carbon from forest 
ecosystems, but the results here indicate that long- 
term management of forestation can result in pro- 
ductive forests that can sustain seasonal drought 
permanently (/0). 

In addition to carbon, we must consider the 
direct effects of vegetation cover on the surface 
radiation balance (2, 16, 17), where the semi- 
arid forest also indicates large effects. From a 
global prospective, the characteristics of energy 
fluxes over a semi-arid forest such as Yatir are 
unique (Fig. 2). The incoming solar radiation 
approaches that of the Sahara, but owing to an 
albedo as low as in other forests the net radia- 
tion (R,) is higher than that in any of the other 
eco-regions (35% greater than in the Sahara). The 
high net radiation coupled with the dry environ- 
ment (small latent heat flux; Fig. 2 inset) results 
in a sensible heat flux, H, larger than that of any 
of the other eco-regions (30% larger than the 
Sahara and 1.6 and 2.4 times greater than trop- 
ical and temperate forests, respectively). Two 
important implications are, first, that the albedo 
change associated with forestation in the low- 
cloud high-radiation environment results in a large 
increase in surface radiation load. We observed 


(18) a 0.1 change (decrease) in mean albedo 
(5, above the forest compared with that above 
the sparse background shrubland [compare with 
(19-21)]. Combined with the high global radia- 
tion, this 6,, yields a large increase in annual 
shortwave radiation load of 5s = +23.8 W m ~. 
Second, we report that this relatively large 
shortwave albedo effect (/6, 17, 22) is essen- 
tially doubled by a longwave radiation effect. 

With suppressed latent heat flux (LE) be- 
cause of lack of water, the forest is transformed 
into an effective “convector” that exploits the low 
tree density and open canopy and, consequently, 
high canopy-atmosphere aerodynamic coupling. 
Indeed, low aerodynamic resistance (r,) was 
estimated [~16 s m ' annual mean midday value 
(23)] supporting the massive H (Fig. 2 inset). 
This is associated with a large increase in sur- 
face roughness in going from shrubland to 
forest, resulting in changes in buoyancy and 
increasing efficiency of heat convection, with 
potential implications on local circulation. 

The effective convector effect of the canopy- 
atmosphere coupling resulted in annual mean 
cooling of the canopy surface temperature of 
about 5°C, compared with that of the back- 


ground shrubland (and as much as a 30°C cool- 
ing in summer midday). This was associated 
with high Bowen ratio (8 = H/LE), which was 
on average 5.2 (>10 in summer). In contrast, in 
temperate and tropical forests the albedo-related 
increased radiation load is typically compensated 
for by evapotranspiration, reducing temperature 
differences between forest and nonforest surfaces 
and maintaining B around 1. 

Longwave radiation is of great importance in 
the semi-arid system (20, 24). And a conse- 
quence of the surface cooling in the forested 
area is a suppression of the upwelling longwave 
radiation flux, ZL. In fact, the annual mean long- 
wave radiation suppression that we observed 
(/8) in our forest-shrubland comparison is 6; ~ 
25 W m ~ (up to 100 W m * in summer midday) 
and is equivalent in magnitude to the shortwave 
albedo effect (~23.8 W m7; Table 2). Therefore, 
in dry vegetation ecosystems the increase in sur- 
face radiation load is twice as large when both 
the shortwave, albedo, and the longwave radia- 
tion effects are considered (balanced by heat 
transfer to the overlaying boundary layer). 

The surface energy characteristics in the semi- 
arid regions have at least two important global 


Table 1. Indicators of carbon use efficiency in pine forests: GPP, R., and NEE of carbon for the 12 
European pine forest sites [62 data years (36)], for the entire global Fluxnet network (43), and for 


semi-arid forest [Yatir (44)]. 


Pine forest GPP R. NEE NEE/GPP 
European (Carboeurope) 1142 944 200 0.17 
Global (FluxNet) 1540 1280 260 0.17 
Semi-arid (Yatir) 820 600 220 0.27 
Fig. 1. Annual patterns in (A) GPP, A 


monthly means based on 0.5-hour 
values from Carboeurope database 
(36) and normalized as GPP/GPP nay, 
and (B) air temperature (monthly 
mean) in 4 representative Europe- 
an pine forest sites (out of the 12 
Carboeurope pine forest sites exam- 
ined; other sites omitted for clarity 
but are within same range). Vertical 
lines indicate the air temperature at 
time of peak activity. Sites are Yatir, 
Israel (blue); El Salar, Spain (gray); 
Brasschaat, Belgium (purple); and 
Hyytiala, Finland (orange). 
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implications when considering the large land sur- 
face areas involved. First, the success of affor- 
estation and the associated carbon sequestration 
potential must also be linked to the consequences 
in surface energy balance. Secondly, the results 
provide a basis for a first approximation of the 
impact of the large-scale desertification process 
that took place in the semi-arid region over the 
past several decades. 

We used the observed albedo-derived short- 
wave radiative forcing (RF) of the forest, 55 = 
+23.8, together with the calculated RF associated 
with carbon sequestration, using (/7) and (25) 
and the observed semi-arid forest productivity 
[~2.3 ton C ha’ annually (J0) and ~100 ton C 
ha ' over the past 40 years (26)] to estimate the 
time required to achieve balance between the two 
RF values (27). The RF values in this context 
should be interpreted with caution (28) and are 
used here as a convenient way to compare the 


magnitude of biogeophysical and biogeochemical 
forcing (24). The estimated time required to reach 
this balance in the semi-arid environment is ~40 
years. Such calculation traditionally considers only 
the shortwave radiation effect. Explicitly introduc- 
ing the observed longwave radiation suppression 
effect in this calculation doubles the time needed 
to achieve the RF balance, considering that 55 
and 8, are similar (23.8 and 25 W m ”). 

Such estimates indicate that a net negative 
(cooling) RF is reached only after ~80 years of 
forestation, but we note that the data used here 
provide a “worst-case scenario” by considering 
results from the dry timberline and ignoring the 
possibly greater climate sensitivity to CO, re- 
moval than to land surface changes (28). Obtain- 
ing the full range of RF-C sequestration tipping 
points across the climate transition zone is im- 
portant, will likely indicate much shorter mean 
time to reach a net cooling effect, and should 


Table 2. Annual mean values (6 years) of radiation fluxes, albedo, and surface (skin) temperature in the 
semi-arid forest (Yatir) and in the shrubland background. 


Variable Forest Shrubland 
Global radiation (E,, W m~*) 238 238 
Albedo (unit-less) 0.11 0.21 
Net solar radiation (5,, W m7’) 212 188 
Net longwave radiation (L,,, W m7’) ~96 -121 
Net radiation (R, = 5, + Lp, Wm?) 115 67 
Skin temperature (°C) 19 24° 
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Fig. 2. Annual means of energy flux components in forests (except Sahara) in globally representative 
regions: (A) iE,, (B) Rp, (C) H, and (D) surface albedo, o. Values for tropical forests include Africa and 
South America; temperate forests are represented by forests around latitude 45°N in North America and 
Europe; semi-arid forests are represented by Yatir (mean for the study period); the Sahara represents hot 
deserts. Error bars indicate the range in literature-reported values. Albedo values for tropical forests, the 
Sahara, and temperate forests are from (37-41). Values for E, are from (4), and for R, and H from (42). 
(Inset) The mean seasonal cycle in energy fluxes in the semi-arid Yatir forest during the study period. 
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also consider that afforestation of only ~12% of 
dry, carbon-neutral areas (3, 29) can produce a 
carbon sink of ~1 Pg C year ' for a minimum 50 
years of forest growth. This is equivalent to one 
“wedge” to address potential anthropogenically 
derived climate change (30). 

Lastly, we address the implications of our res- 
ults for long-term desertification trends in the 
semi-arid region. From the atmospheric and sur- 
face radiation perspective, the Yatir forest provides 
a generic representation of vegetation of similar 
LAI in the semi-arid region [2.1 + 1.6 and 1.3 + 
0.9 for shrubland and deserts (3/)]. Such vegeta- 
tion types underwent large-scale desertification 
over the past several decades, estimated at ~5.8 
Mha year ' (3, 32). We estimated that the total 
organic carbon released from a fully degraded 
land surface is ~2.2 kg C m ° (3, 29, 33) and that 
the degradation period (DP) for the release of 
carbon to the atmosphere is about 50 years. We 
consider the albedo effect, however, to peak in 
about half that time (~25 years) because it is as- 
sociated only with live vegetation, whereas carbon 
degradation in litter and soil organic matter is 
not. Using the approach of (/7) for the short- 
wave radiation (S) albedo effect but expanded 
to explicitly include the thermal radiation (L) 
suppression discussed above, we estimated the 
potential RF of the transition from vegetation 
cover with LAI of ~1.3 to near zero under semi- 
arid conditions as: 


RFsii(¥) = A(y)(8a + Eg + 8p/Az (1) 
where A(y) is the annually degraded area ac- 
cumulated to year y (calculated as a time series 
with full degradation in 25 years), 6, = 0.1, Ey = 
240 W m ”, 8, = 25 (Table 2), and Ag is Earth 
surface area (5.1 x 10'* m’). This estimate indi- 
cates a negative (cooling) radiative forcing at 
the surface over a 35-year degradation process 
(say, 1970-2005 when data quoted above apply) 
of —0.145 W m~* (0.075 plus —0.070 W m~ 
associated with S and L, respectively). 

The radiative forcing resulting from the CO, 
released from biomass degradation associated 
with desertification can be estimated according 
to (25): 


C(y) 
2 @) 


RFco,(y) = n° tn + 
where 1, is the CO) radiative forcing efficiency 
(5.35 W m”); Co is a reference CO, con- 
centration (360 ppm); C(y) = A(v)C«/¢ sums 
the total CO emitted over y years [35 years of 
desertification in this case (3)]; A(y) is as above 
with degradation period of 50 years, acknowl- 
edging the delay in degradation effects between 
surface radiation and CO, release; C is the total 
degradable carbon per unit land area (see above); 
K converts kg of C to ppmv [2.13 x 10’* kg C 
per part per million by volume (ppmy ‘)]; and ¢ 
is the airbome fraction [0.5 (34)]. The results in- 
dicate that the releases of CO, to the atmosphere 
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during the above desertification period had ra- 
diative forcing of +0.006 W m °, a factor of 24 
smaller and in the opposite direction than the 
combined radiative effects [compare with (28)]. 
On the basis of our estimates, the total 
desertification in the semi-arid regions had 
a combined RF of about -0.14 W m~. This 
counteracts the equivalent of ~20% of the 
global 
RF associated with the 44-ppmv increase in 
atmospheric CO, over the same period 
[(35) 
e.g., (0.145—0.006)/0.62; see Eqs. 1 and 2], mod- 
erating the potential warming trend. This mod- 
erating effect adds to that assigned to the low 
CO), airborne fraction resulting from ocean and 
land carbon sinks (34). These are clearly first 
approximations, but the large effects and the 
large area involved with generally stable high- 
radiation low-cloud conditions make these es- 
timates relatively robust and demonstrate again the 
importance of research in the semi-arid regions. 
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Modeled Impact of Anthropogenic 
Warming on the Frequency of Intense 


Atlantic Hurricanes 


Morris A. Bender,** Thomas R. Knutson,’ Robert E. Tuleya,” Joseph J. Sirutis,” 
Gabriel A. Vecchi,* Stephen T. Garner,” Isaac M. Held? 


Several recent models suggest that the frequency of Atlantic tropical cyclones could decrease as the 
climate warms. However, these models are unable to reproduce storms of category 3 or higher intensity. 
We explored the influence of future global warming on Atlantic hurricanes with a downscaling strategy 
by using an operational hurricane-prediction model that produces a realistic distribution of intense 
hurricane activity for present-day conditions. The model projects nearly a doubling of the frequency 
of category 4 and 5 storms by the end of the 21st century, despite a decrease in the overall frequency of 
tropical cyclones, when the downscaling is based on the ensemble mean of 18 global climate-change 
projections. The largest increase is projected to occur in the Western Atlantic, north of 20°N. 


ising sea-surface temperatures (SSTs) 
and a possible increase in Atlantic basin 
hurricane activity since 1950 have raised 
concern that human-caused climate change may 


be increasing Atlantic hurricane activity. In- 
creasing amounts of greenhouse gases are a 
likely factor in the recent warming of tropical 
Atlantic SSTs (/—3), although internal variability 


(4) and reduced aerosol or dust forcing (5, 6) may 
have also contributed. Some statistical analyses 
suggest a link between warmer Atlantic SSTs and 
increased hurricane activity (6-8), although other 
studies contend that the spatial structure of the 
SST change may be a more important control on 
tropical cyclone frequency and intensity (9-11). 
A few studies (6, 8, 12) suggest that greenhouse 
warming has already produced a substantial rise 
in Atlantic tropical cyclone activity, but others 
question that conclusion (9, 1/, 13). 

Dynamical models that can reproduce certain 
aspects of the observed frequency, structure, and 
intensity of hurricanes bring an important perspec- 
tive to these questions (9, /0, 14-16). A recent 
modeling study (/6) at the National Oceanic and 
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Atmospheric Administration’s (NOAA) Geophys- 
ical Fluid Dynamics Laboratory (GFDL) using an 
18-km grid regional atmospheric model (ZETAC) 
has demonstrated success in reproducing the trend 
and year-to-year variability in August-through- 
October Atlantic tropical cyclone frequency during 
1980 to 2005 [supporting online material (SOM) 
text]. The modeled interannual variability of hur- 
ricane counts was well-correlated with observed 
counts (7 = 0.86) and exhibited an increasing trend 
during 1980 to 2005, although the modeled count 
was somewhat larger than what was observed. 
Hurricane frequency in a globally warmed, 
late-21st-century climate was investigated in a 
subsequent study (9) by perturbing the mean at- 
mospheric state and SSTs given in (/6) by an 


ensemble-mean (18 models) late-21st-century 
climate change projection. The 18 models are 
from the World Climate Research Program 
coupled model intercomparison project 3 (CMIP3) 
(/7) and use the Intergovernmental Panel on 
Climate Change (IPCC) A1B emissions scenario. 
The frequencies of both tropical storms and hur- 
ricanes in the ZETAC model were significantly 
reduced (-27% and —18%, respectively) in the 
warm climate relative to the control. However, 
the model was unable to simulate major hur- 
ricanes (category 3 to 5) with maximum winds 
greater than 50 m/s (Fig. 1B). 

To improve the simulations of intensity, we 
extend the modeling approach of (9) by down- 
scaling each individual model storm from that 
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study with two different operational versions of 
the GFDL hurricane model (/8). The National 
Weather Service (NWS) version of the model 
(termed here GFDL) has been used operationally 
since 1995, and since 2001, it has been coupled 
to a three-dimensional ocean model (/9). The sys- 
tem has remained largely unchanged from 2006 
through 2009 and has been run on a large sam- 
ple of tropical cyclones of varying intensity. The 
second closely related version of this hurricane 
model (GFDN) has been run operationally by 
the U.S. Navy since 1996 for tropical cyclone 
activity globally. The GFDN model was up- 
graded in 2008 and uses modified surface physics 
compared with the GFDL version, providing a 
test of robustness of our results. 


Simulated vs. Observed 


Fig. 1. Simulated and Intensity Distributions 


observed histograms of 


maximum surface wind 2° A 
speed (m/s) in the Atlan- 2100 

tic basin. (A) Simulated 5 a0 

versus observed maxi- 6 

mum winds for every 3 °° 

120-hour forecast made 2 40 

(at 6-hour intervals) 2 oA 2006-2009 

during the 2006 to oL/_Atlantic Seasons 


2009 hurricane seasons, 
using the GFDL opera- 
tional model run by 
NOAA's NWS (excluding 
depressions). (B) Nor- 
malized intensity histo- 
gram (dividing by the 
total number of storms) 
for the ZETAC regional 
model (red), the com- 
bined GFDL (NWS) and 
GFDN (Navy) downscal- 
ings (blue), and the observed (black) for the 27 seasons (1980 to 2006) of the 
control simulations. (C and D) Observed (C) and simulated (D) cumulative 
maximum wind distribution (CDFs) comparing the period 1995 to 2006 (blue) to 
1980 to 1994 (red). (E) Comparison of control (black) and warm climate (red) 
distributions (combined GFDL and GFDN models) based on the 18-member CMIP3 


*—Observed 
—* ZETAC 
®-—*GFDL Control 


Normalized Occurrence 


"20. 30 40 50 60 70 80 90 
Maximum Wind Speed (m/s) 


Table 1. Comparison of observed and control storm counts from the GFDL 
downscaling experiments for various categories of storm intensity and the 
percent change for each of the five warmed climate conditions. Results for all 27 
years from 1980 through 2006 are shown in the leftmost three columns, with the 
columns indicated by asterisks computed for the 13 odd years only. The results 
are from the average of storm counts for the two versions of the operational 


Type of storm Number of Number of Ensemble 
observed storms in warmed 
storms control climate 
(average (average (every year; 
storms per storms per percent 
year) year) change) 
Tropical storms 9.0 10.9 —28% 
and hurricane 
Hurricane 5.3 8.0 —32% 
(33 m/s or above) 
Major hurricane 2.4 2.7 —18% 
Category 4 and 5 1.4 0.59 81% 
Winds greater than 65 m/s 0.52 0.11 250% 
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ensemble A1B scenario climate change. (F) Comparison of control (black) and 
warm climate (colors) distributions for the GFDL and GFDN models based on the 
four individual CMIP3 model A1B warming scenarios. To save computer resources, 
the four supplemental experiments (F) were only run for the 13 odd years during 
1981 to 2005. 


hurricane model (versions run by NOAA’s National Weather Service and the U.S. 
Navy). The warmed climate perturbation runs are based on downscaling the 
same seasons but with the addition of the mean climate change difference field 
between the 2001 to 2020 and the 2081 to 2100 periods from the CMIP3 model 
ensemble or the linear trend over 2000 to 2100 for each model, scaled to 80- 
year magnitude, for each of the four individual CMIP3 models (SOM text). 


Ensemble GFDL-CM2.1 MRI-CGCM ~—=— MPI-ECHAM5 UKMO- 
warmed warmed warmed warmed HADCM3 
climate* climate* climate* climate* warmed 
(percent (percent (percent (percent climate* 
change) change) change) change) (percent 
change) 

—28% —4% —22% —33% —49% 

—33% 7.5% —24% —40% —60% 

—18% 40% 8% —30% —60% 

75% 110% 110% 21% —53% 

220% 160% 180% 80% —60% 
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Operational forecasts from the GFDL hurri- 
cane model have a distribution of maximum 
winds that agrees well with observations (Fig. 1A 
and fig. S1), and the model simulates a much 
more realistic distribution of intense hurricane 
winds than the ZETAC regional model does (Fig. 
1B). To evaluate the GFDL model’s ability to 
simulate the interdecadal variability of Atlantic 
hurricane intensities, we compared the observed 
and simulated cumulative distribution functions 
(CDFs) of maximum wind for the relatively in- 
active and active eras of 1980 to 1994 and 1995 
to 2006 (Fig. 1, C and D). The observed CDF 
(Fig. 1C) is shifted toward higher intensities in 
the more-active era. The GFDL model (Fig. 1D) 
reproduces this tendency toward higher inten- 
sities, but underpredicts the magnitude of the 
change. The intensity distributions in Fig. 1, A 
and B, and the qualitative simulation in Fig. 1, C 
and D, of the multidecadal increase of hurricane 
intensity raises our confidence in the model’s 
ability to simulate the effects of changes in the 
storm environment on intensity. However, the 
model’s underprediction of the magnitude of 
the multidecadal intensity signal provides a note 
of caution. Future studies with significantly in- 
creased model horizontal resolution and explicit 
treatment of convection could potentially alter 
sensitivities to wind shear and other environ- 
mental conditions. 

Despite the reduced storm frequency that 
was simulated in ZETAC (9), the distribution of 
maximum winds of the downscaled storms from 
the hurricane model shows an increase in the 
number of the most intense storms for the warm- 
er climate compared with the control climate 
(Fig. LE). Focusing on the category 4 and 5 hur- 
ricanes with maximum winds greater than 60 m/s, 
the total number (GFDN plus GFDL) increased 
sharply from 24 to 46. Hurricanes with winds 
greater than 65 m/s increased from 6 to 21. 

Four individual CMIP3 global models were 
also downscaled using the same two-step meth- 
odology as is used in the 18-model ensemble. 
These four individual CMIP3 models (/7) are the 
GFDL-CM2.1, the Japanese Meteorological Re- 
search Institute MRI-CGCM, the Max Planck In- 
stitute MPI-ECHAMS, and the Hadley Centre UK 
Meteorological Office UKMO-HadCM3. Because 
we used a single realization of the late-2 1 st-century 
climate scenario (A1B) from each global model, 
the simulation results may differ between models 
in part because of internal variability, as well as 
because of differences in the global model for- 
mulations or precise forcings, although our exper- 
imental design attempts to reduce the influence of 
internal variability on the results (SOM text). 

Figure 1F shows the intensity distributions 
obtained from downscaling the four individual 
CMIP3 models. The substantial differences be- 
tween the resulting projections of intense hur- 
ricane activity imply that there are important 
differences among the large-scale environment 
changes projected by the 18-model ensemble 
(fig. S2) and by the individual models (fig. $3). 


The largest increase in category 4 and 5 
hurricane numbers is simulated for the GFDL- 
CM2.1 and MRI-ECHAMS models, with each 


exhibiting an increase of over 100% (Table 1), 
despite simulated reductions in the total number 
of hurricanes by 8% and 24%, respectively. On 
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Fig. 2. Annual changes in storm counts for each odd year (1981 to 2005) warm minus control, for each of 
the five warmed climate scenarios. Results are shown for five categories of storm intensity (tropical storms 
and hurricanes, hurricanes, major hurricanes, category 4 and 5 hurricanes, and strong category 4+ 
hurricanes with maximum winds greater than 65 m/s). The five warmed climate scenarios plotted are the 
18-model CMIP3 ensemble (blue), the GFDL-CM2.1 (red), the MRI-CGCM 2.3.2 (green), the MPI-ECHAMS 
(yellow), and the UKMO-HadCM3 (gray). The results are computed from the average of storm counts for the 
two versions of the operational hurricane prediction model (GFDL and GFDN). 
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the other hand, the downscaling of the UKMO- 
HadCM3 produces a decrease in all categories 
of tropical cyclones. For the odd years, the 
most-intense simulated hurricanes (>65-m/s 
winds) in four of the five model projections 
(including the 18-model ensemble) showed an 
increase, ranging from 80 to 220%. 


Fig. 3. (Left) Tracks for 
all storms reaching catego- 
ry 4 or 5 intensity, for the 
control and the warmed 
18-model ensemble condi- 
tions, as obtained using 
the GFDLU/NWS hurricane 
model. (Right) The spatial 
distribution of category 4 
and 5 occurrences (scaled 
by storm counts per dec- 
ade) for the combined 
control (average of the 
GFDL and GFDN model 
versions, top right); the 
combined CMIP3 18- 
model ensemble warmed 
climate results (middle 
right); and the difference 
between the warmed cli- 
mate and control intense 
hurricane occurrences (bot- 
tom right). (The tracks for 
both the GFDL and GFDN 
models are presented in 
fig. $7 for comparison.) 


100°W 80°W 


Fig. 4. Model tracks for 
all storms that eventually 
reached category 4 or 5 
intensity, for the control 
(top) and the warm cli- 
mate conditions provided 
by the four individual 
CMIP3 models. (The tracks 
shown are for the GFDL/ 
NWS version of the hur- 
ricane model. For com- 
parison, the results for 
the U.S. Navy's version 
of the model, GFDN, are 
presented in fig. $8). 
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The year-by-year changes (warm minus con- 
trol) of storm counts for each of the five down- 
scaled climates were examined (Fig. 2). Results 
are presented separately for five different classes 
of storm intensity. Reduced numbers of both 
tropical storms and hurricanes are simulated 
nearly every year in the warm climate runs. For 
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major hurricanes (category 3 to 5), a mix of in- 
creases and decreases is simulated, whereas for 
very intense hurricanes (category 4 and 5), a 
more robust increase in frequency results. Final- 
ly, the most intense hurricanes (>65 m/s) showed 
either no change or an increase in every year 
except one. 
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The tracks and spatial distribution of category 4 
and 5 hurricanes (Fig. 3) for the control and the 
warm climate (18-model ensemble) indicate that 
the largest increase of very intense hurricane ac- 
tivity is projected for the western Atlantic between 
20°N and 40°N. This region corresponds fairly 
well with a region of increased potential intensity, 
reduced vertical wind shear, and increased SSTs 
(20) (fig. S2). In contrast, the ensemble mean 
exhibits an increase of shear in the Caribbean and 
mixed changes in the Gulf of Mexico (20) (fig. 
82). The number of hurricane days for all cate- 
gories, including category 4 and 5, decreases sub- 
stantially in the Caribbean, with more modest 
decreases in the Gulf of Mexico (fig. S4). 

The distribution of category 4 and 5 tracks and 
spatial distribution obtained from downscaling 
climate changes from the four individual CMIP3 
models (Fig. 4 and fig. S6) show that for three of 
the four models, an increase of intense hurricane 
activity occurs in the region of the western Atlantic 
similar to the increase in the 18-model ensemble 
case. The decreased activity in the fourth model 
(UKMO-HadCM3) plausibly results from that mod- 
el’s relatively large projected increase in wind shear 
over much of the Atlantic south of 22°N (fig. S3), 
as well as a decrease in potential intensity in the 
western Atlantic equatorward of 25°N. In contrast, 
the GFDL-CM2.1 model projects reduced shear 
over most of the western Atlantic, whereas the 
MRI-CGCM and MPI-ECHAMS models project 
shear changes (and simulated storm changes) 
between these two extremes. The differences be- 
tween the individual GCM responses (fig. S3) 
and the ensemble-mean response (20) (fig. S2) 
give some indication of the uncertainty of the 
projected changes due to model formulation and/ 
or forcing differences. Quantification of the rel- 
ative influence of shear, potential intensity, or 
other environmental factors on these results is 
beyond the scope of this study. 

The results in Figs. 3 and 4 used the GFDL/ 
NWS version of the hurricane model. As a sen- 
sitivity test, the experiments were repeated using 
the alternative GFDN model. For both the 18- 
model CMIP3 ensemble (fig. S7) and the four in- 
dividual CMIP3 models (fig. S8), the results are 
similar for the two operational models, increasing 
confidence in the robustness of our findings. 

An analysis of normalized hurricane damage in 
the United States during 1900 to 2005 (2/) indi- 
cates that major (category 3 to 5) and very intense 
(category 4 and 5) hurricanes at landfall accounted 
for 86% and 48% of all hurricane damage, 
respectively, despite accounting for only 24% and 
6% of U.S. landfalls. Combining these findings 
with our model-based projections of the percent 
change in number of hurricanes for each category, 
we estimated changes in damage potential (table 
S1). For the CMIP3 ensemble mean and for two of 
four individual models, the increase in damage 
potential from the increase in very intense hur- 
ricanes outweighs the decrease in damage potential 
from the reduced occurrence of weaker systems. A 
damage potential increase of roughly 30% is pro- 


jected for the CMIP3 18-model ensemble, with a 
range of roughly —50% to +70% among the four 
individual CMIP3 models. These estimates use 
projected storm changes over the entire North 
Atlantic basin. The estimate for the ensemble- 
mean CMIP3 model, in particular, would be in- 
creased if we took into account that the largest 
increase of intense hurricane frequency is projected 
for the western part of the basin. 

For the downscaling of the 18-model CMIP3 
ensemble-mean climate change, the frequency of 
category 4 and 5 hurricanes increased by 81% in 
80 years (Table 1), corresponding to a linear trend 
of roughly +10% per decade. We estimate that 
the emergence time scale (p = 0.05) for such a 
linear trend would be roughly 60 years, based on 
bootstrap resampling tests using noise character- 
istics from the observed category 4 and 5 hur- 
ricane time series since 1944 (SOM text). 

The A1B scenario for the 21st century includes 
significant reductions in aerosols as well as in- 
creases in greenhouse gases; we have not attempted 
to separate the effects of these two forcings in our 
projections. To the extent that aerosol effects are 
significant, rescaling these projections to historical 
periods with a different mix of aerosol and green- 
house gas forcings is problematic. We refer to the 
mix of forcings in the A1B scenario as “A1B-like.” 

Assuming that we can rescale our model pro- 
jections to the observed (~0.5°C) tropical Atlan- 
tic warming since 1944, the expected increase in 
category 4 and 5 hurricanes from 1944 to 2008 
due to A1B-like anthropogenic effects is only 
about +20%, or about one-third of the projected 
change at our estimated time of signal emer- 
gence. Although our internal variability estimate 
is very uncertain, these results suggest that one 
would not expect to detect an A1B-like anthro- 
pogenic influence on Atlantic basin category 4 
and 5 frequency at the present time. 

The observed category 4 and 5 time series for 
1944 to 2008 (fig. S9), which incorporates a 
downward adjustment of intensities for certain 
storm classes during 1944 to 1969 (22), shows a 
pronounced increase since the 1970s. The fre- 
quency also increases by more than a factor of two, 
in terms of the estimated linear trend, over the 
period 1944 to 2008. We suspect, however, that the 
trend since 1944 is biased high because of changes 
in the capabilities of observing systems during the 
record, although a quantitative evaluation of such a 
bias is beyond the scope of this study. In addition to 
data problems (/3, 22), the potential influence on 
trends of Atlantic multidecadal variability (4) is 
cause for concern. If one has confidence in our 
downscaling results, and assumes that our AlB 
downscaling can be rescaled to apply to 1944 to 
2008, this leads to a trend that is less than one-fifth 
of the observed magnitude. Such a small trend 
argues against the interpretation of the larger ob- 
served trend as resulting from a (rescaled) A1B- 
like anthropogenic forcing. On the other hand, our 
model’s underestimate of the difference in intensity 
distributions between active and inactive periods 
(Fig. 1, C versus D) raises some note of caution 


conceming our model’s estimate of anthropogenic 
intensity trends. 

Our results suggest that a significant anthro- 
pogenic increase in the frequency of very intense 
Atlantic hurricanes may emerge from the back- 
ground climate variability in the latter half of the 
21st century, despite a projected decrease in the 
overall number of hurricanes. These findings are 
dependent on the global climate models used to 
provide the environmental conditions for our down- 
scaling experiments. Future studies should reassess 
our findings using both updated climate model pro- 
jections and improved hurricane simulation mod- 
els. 
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Requirement of Prorenin Receptor 
and Vacuolar H*-ATPase—Mediated 
Acidification for Wnt Signaling 


Cristina-Maria Cruciat,?* Bisei Ohkawara,?* Sergio P. Acebron,? Emil Karaulanov,2 
Carmen Reinhard,? Dierk Ingelfinger,” Michael Boutros,” Christof Niehrs*t 


Wnt/B-catenin signaling is important in stem cell biology, embryonic development, and disease, 
including cancer. However, the mechanism of Wnt signal transmission, notably how the receptors are 
activated, remains incompletely understood. We found that the prorenin receptor (PRR) is a component 
of the Wnt receptor complex. PRR functions in a renin-independent manner as an adaptor between 
Wnt receptors and the vacuolar H*—adenosine triphosphatase (V-ATPase) complex. Moreover, PRR and 
\V-ATPase were required to mediate Wnt signaling during antero-posterior patterning of Xenopus early 
central nervous system development. The results reveal an unsuspected role for the prorenin receptor, 
V-ATPase activity, and acidification during Wnt/B-catenin signaling. 


nt/B-catenin signaling is implicated in 

\ N | stem cell biology and human disease, 
including cancer, and has important 

roles during embryonic development, such as 


axis formation and patterning of the central ner- 
vous system (/—4). Wnt binding to its receptors, 
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low-density lipoprotein receptor-related protein 6 
(LRP6) and frizzled (Fz), induces receptor aggre- 
gation in signalosomes (5) and phosphorylation 
of LRP6 by the kinases casein kinase ly (CK1y) 
(6) and glycogen synthase kinase 3 (GSK3) (7). 
This requires the action of dishevelled (Dvl) and 
leads to recruitment of the negative regulator 
axin, thus stabilizing B-catenin (5, 8, 9). 

To identify previously undescribed Wnt path- 
way components regulating Wnt receptors, we 
carried out a genome-wide small inhibitory RNA 
(siRNA) screen and identified the prorenin re- 
ceptor gene (PRR) (10). In brief, human embry- 
onic kidney (HEK293T) cells were transfected 
individually with siRNA pools targeting about 


GsiControl 


REPO 


18,500 human genes, stimulated with Wnt3a, and 
analyzed for transcription of a Wnt-responsive 
luciferase reporter (//). The PRR is a single span- 
ning transmembrane protein located at the plasma 
membrane that transmits renin and prorenin sig- 
nals (12-16). Hypomorphic PRR mutation causes 
mental retardation and epilepsy in humans (/7). 
PRR has a short cytoplasmic domain mediating 
renin signal transduction but contains no obvious 
motifs (/8). 

Three independent siRNAs targeting PRR in- 
hibited luciferase reporter activity stimulated by 
Wnt3a but not by B-catenin, attesting to the spec- 
ificity of the effect (Fig. 1A and fig. S1). Although 
Wntl or Wnt3a signaling was inhibited by PRR 
siRNA, signaling induced by downstream compo- 
nents of the Wnt pathway, including constitutively 
active LRP6 (LRP6AE1-4), Dvl, or B-catenin, 
remained unaffected (Fig. 1B). This indicates that 
PRR is required for Wnt/B-catenin signaling at 
the level of or upstream of the coreceptor LRP6, 
consistent with it being a transmembrane protein. 
Overexpressed PRR did not activate Wnt/B-catenin 
signaling by itself; but a C-terminally truncated 
construct (PRRAC) synergized with Wnt3a in 
reporter activation (Fig. 1C), in causing duplica- 
tion of the Xenopus embryonic axis (Fig. 1D), as 
well as in increasing transcription of the direct 
Wnt response gene siamois in Xenopus animal 
cap assays (Fig. 1E). 

To analyze whether PRR is required for Wnt 
signaling in vivo, we studied its role in Xenopus 
embryos, where the gene shows weak expression 
in most tissues and prominent expression in the 
central nervous system (fig. S2A). Tadpoles that 
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Fig. 1. Regulation of Wht/B- 
catenin signaling by PRR at the 
level of or upstream of LRP6. (A to 
C) Wnt luciferase reporter assays 
in HEK293T cells stimulated with 
Wnt3a-conditioned medium or by 
transfection with the indicated 
constructs, in the presence of the 
indicated siRNAs. Co, reporter only; 
siPRR, siRNA pool. Error bars indi- 
cate SDs; N = 2 in (A) and (B) and 
N = 3 in (©. (D) Axis duplication 
assay by injection of the indicated 
Xenopus mRNAs into the ventral 
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blastomeres of Xenopus embryos at the four-cell stage. (E) Reverse transcription polymerase chain reaction (RT-PCR) analysis of animal caps from Xenopus 
embryos injected with the indicated mRNAs. Animal caps were excised from blastula embryos and cultivated until stage 10. Sia, siamois; H4, histone H4. 
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developed from cleavage-stage embryos injected 
with PRR antisense morpholino (Mo) oligo- 
nucleotides had small heads, shortened tails, 
and defects in melanocyte and eye pigmentation 
(Fig. 2, A and B). This phenotype appeared to be 
specific because it was efficiently rescued by co- 
injection of human PRR mRNA (Fig. 2, A and B). 
Avery similar phenotype was observed for zebra- 
fish PRR mutant embryos (/9). Phenotypic rescue 
was also obtained by constructs with deletion in 
the intracellular domain (AC) but not those with 
deletions in the extracellular or transmembrane 
domain (Fig. 2B; see Fig. 3B for constructs), sug- 
gesting that PRR does not directly transduce a 
cytoplasmic signal in Wnt signaling. 

In Wnt reporter assays in Xenopus embryos, 
PRR Mo inhibited both endogenous and Wnt3a- 
stimulated expression of luciferase (Fig. 2C). The 
requirement for PRR was specific for Wnt sig- 
naling. Nodal, fibroblast growth factor (FGF), 
and bone morphogenetic protein (BMP) signal- 
ing in Xenopus (fig. S3) and transforming growth 
factor-B (TGFB), BMP, tumor necrosis factor—o, 
(TNFa), FGF, or phorbol myristyl acetate (PMA) 
signaling in HEK293T cells (fig. S4) were not 
affected by depletion of PRR. 

Marker gene analysis in embryos depleted of 
PRR showed down-regulation of the forebrain 
marker ofx2 and the mid-hindbrain boundary 
marker engrailed2 (en2), whereas the hind- 
brain marker Krox20 was unaffected (Fig. 2D). 
Such embryos showed no changes in cell pro- 
liferation or apoptosis in the central nervous sys- 
tem (CNS) (fig. S5, A and B). They also showed 
no change in the mesodermal markers Xbra and 
chordin (fig. SSC). Taken together, these results 
indicate that loss of anterior marker gene expres- 
sion represents a defect of antero-posterior neural 
patterning, wherein Wnt signaling is prominently 
involved (20). Injection of PRR Mo in the animal 
region, which gives rise to the neuroectoderm, re- 
duced expression of en2 and of the direct Wnt 
target gene Axin2, but not expression of otx2. Con- 
versely, injection of PRR Mo in the vegetal re- 
gion, thus targeting mesendodermal precursors, 
reduced expression of of2 but not that of en2 
(Fig. 2E). These results suggest an indirect PRR 
requirement for of<2 expression and forebrain 
development through its effect to promote forma- 
tion of dorsal mesoderm and a cell-autonomous 
requirement of PRR for en2 expression and de- 
velopment of the mid-hindbrain. We conclude 
that PRR is required for Wnt signaling and an- 
terior CNS patterning in Xenopus embryos. 

Because en2 is a well-characterized, direct 
Wnt target gene (2/, 22), we focused on the 
requirement of PRR for en2 expression. Xenopus 
animal caps were neuralized by injection with the 
BMP inhibitor chordin, which increased transcrip- 
tion of the gene encoding the pan-neural marker 
NCAM as well as the gene en2 (Fig. 2F). PRR 
Mo specifically abolished expression of en2 and 
Axin2 but left NCAM unaffected. Expression of 
en2 and Axin2 was rescued by coinjection of hu- 
man PRR mRNA as well as by B-catenin, but not 


PRR bound to both Fz8 and LRP6 but not to the 
control transmembrane protein FLRT3 (Fig. 3A). 
Deletion of the cytoplasmic domain (AC), which 
mediates renin signaling, had no effect on Wnt 
receptor binding (Fig. 3A) or the ability of the 
protein to rescue Wnt signaling in PRR siRNA- 
treated cells (Fig. 3C) or Mo-treated embryos (Fig. 
2B). Although transmembrane domain—deleted 
protein (ATMC) also bound to the receptors, albeit 
weakly (Fig. 3A), it failed to rescue Wnt signaling 


by Wnt3a DNA. These results (i) corroborate that 
PRR is essential for en2 expression because of its 
requirement in Wnt signaling and (ii) indicate 
that PRR functions downstream of Wnts and 
upstream of B-catenin, consistent with the cell 
culture data, which placed PRR action at the level 
of Wnt receptors. 

We therefore tested whether PRR bound to 
frizzled 8 (Fz8) or LRP6. In coimmunoprecipita- 
tion (CoIP) experiments with transfected cells, 
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Fig. 2. Requirement of PRR for Wnt/B-catenin signaling and antero-posterior neural patterning in 
Xenopus. (A and B) Tailbud stage Xenopus embryos injected in all blastomeres of the animal hemisphere 
at the four-cell stage with PRR antisense Mo oligonucleotides in the absence or presence of wild-type or 
mutated human PRR mRNAs. (For PRR mutants, see Fig. 3B.) CoMo, control Mo; Co, PPL mRNA. (C) Wnt 
luciferase reporter assay of whole embryos at the indicated stages injected in all blastomeres at the animal 
pole with PRR Mo and/or Wnt3a mRNA. Luciferase activity in uninjected embryos was set to 1. Error bars 
indicate SDs; NV = 3. (D) Whole-mount in situ hybridization of neurula-stage embryos injected in the 
animal blastomeres with the indicated Mo plus B-galactosidase mRNA lineage tracer (red or light blue), 
showing reduced expression (arrowheads) of otx2 (65%, n = 26) and en2 (96%, n = 25), but not of 
Krox20 (0%, n = 24). (E and F) Quantitative PCR (qPCR) analysis of indicated genes in neurulae (E) or 
animal caps cultured until neurula stage (F). Eight-cell-stage embryos were injected into indicated 
blastomeres (E) or animal 4 blastomeres (F) with PRRMo and the following mRNA and DNA: chordin 
mRNA, 250 pg; PRR mRNA, 200 pg; Wnt3a DNA, 50 pg; and B-catenin DNA, 100 pg. Error bars show SDs 
of biological triplicates. Gene expression in CoMo or uninjected explants was set to 1. 
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(Figs. 3C and 2B), suggesting that PRR trans- 
membrane localization is essential. In contrast, the 
extracellular domain (ECD) was necessary for 
binding LRP6 or Fz8 and for Wnt signaling (Figs. 
3A and 2B). These results corroborate the 
specificity of physical PRR-Wnt receptor inter- 
actions, which require the PRR ECD. 

We confirmed these interactions in binding 
assays using soluble, recombinant proteins (fig. 
S6), as well as by CoIP of endogenous LRP6 and 
PRR (Fig. 3D). We also tested whether PRR 
binds Wnt but found no significant interaction. 
We conclude that both Wnt receptor binding and 
Wnt function require the PRR ECD but not the 
intracellular domain. 

Prorenin is not expressed in early Xenopus 
embryos, and addition of renin had no effect in 
Wnt luciferase assays (fig. S7, A and B). Further, 
the PRR cytoplasmic domain, which mediates 


renin signaling, is not required for its role in Wnt 
signaling. Moreover, there are PRR homologs in 
Drosophila and Hydra that have no renin. Thus, 
PRR may function in Wnt signaling in a renin- 
independent manner. Indeed, a PRR fragment, 
identified as adenosine triphosphatase (ATPase), 
H "transporting, lysosomal accessory protein 2 
(ATP6AP2), interacts with the vacuolar H'-ATPase 
(V-ATPase) (23). We confirmed that PRR binds 
(directly or indirectly) to the V-ATPase subunits 
ATP6VOC and ATP6VOD1 but not to control 
transmembrane proteins (Fig. 3, E and F). We 
mapped the interaction domain of PRR with 
ATP6VOC and show that the transmembrane and 
the ECD of PRR are required for binding 
ATP6VOC (fig. S8). The results indicate that PRR 
is associated with the V-ATPase, although the 
subunit directly contacting PRR remains to be 
determined. 


REPO 


The V-ATPase is a multiprotein complex local- 
ized in intracellular organelles and at the plasma 
membrane. It is involved in diverse processes such 
as phagocytosis, virus entry, metastasis, and em- 
bryonic left-right patterning. Its main mechanism is 
to pump protons and acidify vesicles, thereby 
promoting vesicular traffic, notably endocytosis 
(24, 25). Disruption of pH homeostasis in V-ATPase 
mutants leads to lethality in various organisms (26). 

LRP6 signal transduction involves receptor 
aggregation in signalosomes and phosphorylation, 
for example at Thr'*””, a process which requires 
Dvl (5). LRP6 phosphorylation is accompanied 
by receptor internalization in caveolin-containing 
vesicles, and endocytosis is essential for Wnt/B- 
catenin signaling (27, 28). This raised the pos- 
sibility that PRR and V-ATPase may influence 
LRP6 endocytosis, phosphorylation, and B-catenin 
activation. 
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SP, signal peptide; TM, transmembrane domain; C, 


cytoplasmic domain; and TMC, cytoplasmic and transmembrane domains. (C) 
Wnt luciferase reporter assay in HEK293T cells transfected with control or PRR 
siRNA and stimulated with Wnt3a-conditioned medium in absence or presence 
of the indicated transfected Flag-tagged PRR constructs. Error bars indicate SDs; 
N = 3. (D) CoIP of endogenous PRR with endogenous LRP6 from lysates of 
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HEK293T cells in the presence or absence of Wnt3a. (E) ColP of V5-PRR with 
Flag-tagged ATP6VOC from lysates of transfected HEK293T cells. Flag-FLRT3 
serves as negative control. (F) ColP of endogenous ATP6VOD1 and endogenous 
ATP6VOC with endogenous PRR from HEK293T lysates using antibody against 
PRR (anti-PRR). Anti-PLSCR1 serves as negative control. 
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Loss of function and pharmacological inhibition 
of V-ATPase in vitro and in vivo showed that this 
enzyme is required for Wnt/B-catenin signaling. In 
reporter assays, treatment of HEK293T cells with 


siRNAs targeting two subunits of V-ATPase 
(ATP6V1C2 and ATP6VOC) inhibited Wnt signal- 
ing (Fig. 4A). Likewise, two pharmacologic V- 
ATPase inhibitors, apicularen and bafilomycin (29), 


A B 
2 2 Wnt1 = Wnt1 
2 § 2507] = 400 
& & otha : 
° g @ 300 
5 510 HE ooo 
= 5 100 3 
s s 
5 ss 50 = 100 
o o o 
2 B 9 = 9 
c=] iJ i) 
s o OC ao O-~ & oO 
2 ira o Ry) ot 
ee 
D 
Cc 
= 
2 
o 
o 
2 
a 
* 
oO 
oO 
2 
3s 
o 
ira 
xo} oO © xe) oO rs] © oO 7] 
o 2 NK 2 Nn 0 
SEREE aE Ss 
en) S38 5 
5 ee 
us 
5 > 
(s) 
> 
E G 
> ue) 
N Pa PER 
© Veo VN 
ws xis xo 
; SKE - 
SSSI SNM" ya Ra-LRP6 Ra-LRP6 
Tp1479—> ~ ~170 
tot. LRP6—=> | }6 + 0) © leh 170 
PRR-—® = = — -— 33 Ra-LRP6AE1-4 Ra-LRP6+Api. 
— 
-Wnt3a_ + Whnt3a 


Fig. 4. Requirement of V-ATPase and acidification for Wnt/B-catenin signaling. (A and B) Wnt luciferase 
reporter assays in HEK293T cells stimulated with Wnt3a-conditioned medium or by transfection with Wnt1 
and the indicated constructs in the presence of the indicated siRNAs or the V-ATPase inhibitors apicularen A 
and bafilomycin A1. Error bars indicate SDs; NW = 2 and N = 3, respectively. (C) Tadpole-stage Xenopus 
embryos that had been injected in all animal blastomeres at the four-cell stage as indicated. (Bottom) In situ 
hybridization of otx2, en2, and Krox20 at neurula stage. Injection of YCHE78 mRNA unilaterally reduced 
expression of otx2 (67%, n = 60) and en2 (70%, n = 27) but not significantly Krox2 (11%, n = 27), as 
indicated by arrowheads. Co-injected B-galactosidase mRNA was used as lineage tracer (red). (D) qPCR 
analysis of the indicated mRNAs was performed as described in Fig. 2F. (E) Western blot of endogenous LRP6 
and PRR from NTERA2 cells treated with the indicated siRNAs and stimulated for 1 hour with Wnt3a- 
conditioned medium or control medium. tot. LRP6, total LRP6. (F) Live-cell confocal microscopy of 
ratiometric LRP6 in acidic compartments. HEK293T cells were transfected with Ra-LRP6 or Ra-LRP6AE1-4 
and membrane-anchored RFP (red) and treated for 1 hour with control or Wnt3a-conditioned medium, 
respectively, in the absence or presence of apicularen (Api). Images were acquired by excitation at 405 and 
488 nm and subtracting frames (fgg — f4os) to monitor reporter proteins in acidic compartments (green). 


inhibited Wnt signaling (Fig. 4B). Neither V- 
ATPase siRNAs nor the pharmacologic inhibitors 
affected Wnt signaling stimulated by Dvl, constitu- 
tively active LRP6 (LRP6AE1 4), or B-catenin (Fig. 
4A and fig. S9), consistent with a specific require- 
ment for Wnt receptor activation. Furthermore, in 
Xenopus embryos, injection of mRNA encoding 
YCHE78, a well-characterized dominant-negative 
\V-ATPase subunit E (30), elicited a very similar 
phenotype to that observed by treatment with PRR 
Mo. It inhibited expression of otv2 and en2 but not 
that of Krox20 (Fig. 4C). In Wnt reporter assays in 
Xenopus embryos, YCHE78 inhibited both endog- 
enous as well as Wnt3a-stimulated reporter activity, 
and low YCHE78 doses synergized with PRR Mo 
in Wnt inhibition, indicative of functional interaction 
(fig. S10). Lastly, in chordin-neuralized animal caps, 
YCHE78 inhibited expression of en2 and Axin2, 
and this was rescued specifically by B-catenin but 
not by Wnt3a (Fig. 4D). 

Our data indicate that V-ATPase activity is re- 
quired for activation of the Wnt receptor. To test 
this, we treated mouse P19 embryonal carcinoma 
cells with Wnt3a and monitored phosphorylation of 
LRP6 by immunofluorescence microscopy (6). 
Phosphorylation of LRP6 was inhibited in cells 
treated with PRR/V-ATPase siRNA (fig. S11). 
Immunoblotting also showed that Wnt-stimulated 
phosphorylation of LRP6 in human terato- 
carcinoma (NTERA2) cells was inhibited by 
depletion of PRR, Dvl1-3, or ATP6VOC (Fig. 4E) 
or by treatment of NTERA2 and P19 cells with 
apicularen and bafilomycin (fig. $12). Similarly, 
Whnt3a-induced expression of Axin2 was inhibited 
upon treatment of neuroblastoma SHEP cells with 
apicularen (fig. S12). 

These results demonstrate that phosphorylation 
of LRP6 (which correlates with LRP6 activation) 
requires V-ATPase activity, suggesting that the re- 
ceptor may need to enter an acidic intracellular com- 
partment to become phosphorylated. To analyze 
acidification directly, we fused the extracellular 
domain of full-length LRP6 with the green fluo- 
rescent protein (GFP) pH-sensor variant pHLuorin, 
which can be monitored by ratiometric imaging (3/) 
(fig. S13, A and B). Fluorometric analysis of 
ratiometric-LRP6 (Ra-LRP6) in cell lysates indicated 
that the protein shows a higher fluorescence at the 
excitation wavelength of 488 nm than at 405 nm, 
when the pH is below pH ~ 6.5 (fig. $13, C and D). 
Tn unstimulated live cells, fluorescence of transfected 
Ra-LRP6 was mostly undetectable. However, within 
minutes of Wnt treatment, Ra-LRP6 fluorescence 
was observed in intracellular vesicles (movie S1). 
The signal plateaued after 1 hour and was inhibited 
by apicularen treatment (Fig. 4F and fig. S13E). We 
also tested a fusion protein between pHLuorin and 
constitutively active LRP6 (Ra-LRP6AE1-4). 
LRP6AE1- is spontaneously aggregating, is con- 
stitutively phosphorylated, and resides in signal- 
osomes (5). Consistent with this, Ra-LRP6AEI14 
showed punctate fluorescence even in unstimulated 
cells, indicating that it enters acidic vesicles spon- 
taneously (Fig. 4F). Ra-LRP6 may also be a useful 
tool to monitor acute Wnt signaling in living cells. 
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Our data reveal an unsuspected role of the 
prorenin receptor PRR in Wnt/B-catenin signaling 
and provide evidence that this multifunctional 
protein interacts with V-ATPase. We propose a 
mechanism wherein PRR is part of the Wnt re- 
ceptor complex, acting as a specific adaptor between 
LRP6 and V-ATPase. Upon Wnt stimulation, this 
signaling complex is endocytosed, and across the 
vesicle membrane V-ATPase generates a proton 
gradient that is essential for LRP6 phosphorylation 
and hence f-catenin activation. Our results raise 
intriguing questions about the role of PRR in renin 
signaling and mental retardation and the immediate 
consequence of acidification in Wnt receptor sig- 
naling. The Na’-H" exchanger Nhe? is required for 
Fz-planar cell polarity signaling in Drosophila (32), 
suggesting that electrochemical regulation may have 
multiple roles in Wnt receptor signaling. The 
VATPase may also provide a therapeutic target 
to modulate Wnt signaling in a disease context. 
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Identification of RACK1 and Protein 
Kinase Ca as Integral Components of 
the Mammalian Circadian Clock 


Maria S. Robles,*+ Cyril Boyault,* Darko Knutti,*+ Kiran Padmanabhan, Charles J. Weitz§ 


At the core of the mammalian circadian clock is a negative feedback loop in which the dimeric 
transcription factor CLOCK-BMAL1 drives processes that in turn suppress its transcriptional activity. 
To gain insight into the mechanisms of circadian feedback, we analyzed mouse protein complexes 
containing BMAL1. Receptor for activated C kinase—1 (RACK1) and protein kinase C—o. (PKCa) 
were recruited in a circadian manner into a nuclear BMAL1 complex during the negative feedback 
phase of the cycle. Overexpression of RACK1 and PKCa suppressed CLOCK-BMAL1 transcriptional 
activity, and RACK1 stimulated phosphorylation of BMAL1 by PKCa in vitro. Depletion of 
endogenous RACK1 or PKCa from fibroblasts shortened the circadian period, demonstrating that 
both molecules function in the clock oscillatory mechanism. Thus, the classical PKC signaling 
pathway is not limited to relaying external stimuli but is rhythmically activated by internal 
processes, forming an integral part of the circadian feedback loop. 


ircadian clocks are oscillators that drive 
( daily biological rhythms. In mammals, 

circadian clocks are intrinsic to most tis- 
sues (/, 2). At the core of the clock is a negative 
feedback loop (3) in which the dimeric transcrip- 
tion factor CLOCK-BMAL] (4) drives transcrip- 
tion of Period (Per) and Cryptochrome (Cry) 
genes. PER and CRY proteins in turn enter the 
nucleus and suppress CLOCK-BMAL] activity 
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by an unknown mechanism. Phosphorylation of 
CLOCK and BMALI appears to be important in 
circadian feedback, affecting CLOCK-BMAL1 
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RACK1 as a component 
of a BMAL1 protein com- 
plex by proteomics anal- Bt 
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activity and/or stability (5—8). Degradation of 
PERs and CRYs (9/2) derepresses CLOCK- 
BMAL] activity, initiating a new cycle. 

To gain insight into circadian clock negative 
feedback, we searched for proteins in a complex 
with BMAL] at the time when CLOCK-BMAL1 
activity was suppressed. BMAL1 complexes, ex- 
tracted from mouse fibroblasts [BLi cells (73)] or 
tissues collected during the phase of negative 
feedback, were initially characterized by sucrose 
density gradient centrifugation. The majority of 
BMALI] was in complexes of 200 to 400 kD, but 
some was in larger complexes, particularly in the 
liver (fig. S1A). 

For isolation of BMAL1 complexes, we used 
FH-BMAL], a tagged BMAL1 with a FLAG- 
hemagglutinin (FH) tandem epitope (/4) at the 
N terminus (fig. S1B). Stably expressed FH- 
BMAL] [EFH cells (/3)] was similar to BMAL1 
in transcriptional activity and in suppression by 
CRY 1 (fig. S2A), and it was mostly in complexes 
of 200 to 400 kD (Fig. 1A). FH-BMALI thus 
preserved the basic transcriptional and biochemi- 
cal properties of BMALI. 
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expressing FH-BMAL1. Image shows a Western blot probed with anti-FLAG. (B) Immunoprecipitation of 
endogenous BMAL1 with endogenous RACK1. Extracts from fibroblasts, liver, or lung (input) and proteins 
immunoprecipitated (IP) with antibody to RACK1 or control IgG were probed with antibodies to RACK1, BMAL1, 


and o-TUBULIN, as indicated. CT, circadian time. 
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Fig. 2. Circadian association of RACK1 and PKCa 
with BMAL1 in cell nuclei. (A) Coherent circadian 
rhythms in cultured mouse fibroblasts after 
synchronization with forskolin. Shown are West- 
ern blots analyzing PER2 or o-TUBULIN in 
extracts of whole cells harvested at 4-hour 
intervals across a circadian cycle (harvest times 
indicated at the top). (B) Western blot analyzing 
subcellular and temporal regulation of the 
indicated proteins. o-TUBULIN, a cytoplasmic 
marker, serves as control for fractionation. (C) 
Immunoprecipitation (IP) showing a circadian 
rhythm of association of RACK1 and PKCo with 
BMAL1 in the nucleus. 
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To identify BMAL]1-associated proteins by 
mass spectrometry, we infected Bmall~’~ fibro- 
blasts [MLi cells (/3)] with either an adenovirus 
expression vector with no insert (control) or a 
vector encoding FH-BMAL1. The cells were 
synchronized, harvested during the phase of 
negative feedback, and processed for affinity 
purification of FH-BMAL complexes and sub- 
sequent mass spectrometry (fig. S2B). After re- 
moving background proteins found in the control, 
the two proteins from which the most numer- 
ous peptides were identified were FH-BMAL1 
and CLOCK. Next was RACK1 (receptor for 
activated C kinase—1), a signaling protein best 
known for recruiting activated, Ca*‘-sensitive 
protein kinase C (PKC) isoforms, particularly 
PKCBII but also PKCa and others, to their sub- 
strates (15-17). 

To determine whether endogenous BMAL1 
and RACK1 are in a complex, we harvested 
mouse fibroblasts, lung, and liver during the 
negative feedback phase, immunoprecipitated 
RACK1, and probed for BMAL1. Endogenous 
BMALI from all sources coimmunoprecipitated 
with endogenous RACK1 (Fig. 1B), indicating 
that the two proteins are associated in multiple 
tissues. 


Fig. 3. Inhibition of A 
CLOCK-BMAL1 transcrip- 
tional activity by RACK1. 
(A) Effect of RACK1 on 
CLOCK-BMAL1 transactiva- 
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+SD; N > 3). Mean lucifer- 
ase activity after transfec- C 
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plasmid with insert encoding the indicated protein. (D) Partial inhibition of CLOCK-BMAL1 transcriptional 
activity by RACK1 enhanced by PKCa.. Displayed as in (A). 
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Fig. 4. Binding of RACK1 to BMAL1 and CLOCK 
and RACK1 enhancement of BMAL1 phosphoryl- 
ation by PKCa. (A) Autoradiograms showing SDS— 
polyacrylamide gel electrophoresis (PAGE) of the 
indicated, in vitro synthesized 7°S-labeled proteins 
(input) and binding of the proteins to GST-RACK1 
fusion protein. +, presence of the indicated protein. 
(B) Autoradiograms showing SDS-PAGE of the 


indicated, in vitro synthesized *°S-labeled proteins (input) and binding of the proteins to MBP-C2 fusion 
protein. Data displayed as in (A). (C) Top: Autoradiogram showing in vitro transfer of *’P-labeled phosphate to 
BMAL1 by the indicated activated PKCs. +, addition of the indicated protein. Middle: Control Western blot 
documenting BMAL1 in the samples. Bottom: Control autoradiogram showing phosphorylation of histone 


1 (H1) by all PKCs. 


We monitored BMAL1, RACK1, and PKCa 
expression across the circadian cycle, the latter 
because of its role in resetting the suprachias- 
matic nucleus (SCN) clock (/8). After synchro- 
nization, fibroblasts exhibited the expected 
circadian rhythm of PER2 (Fig. 2A). The cells 
were harvested at six time points and separated 
into cytoplasmic and nuclear fractions, which 
were then analyzed by Western blotting (Fig. 2B). 
BMALI was mostly nuclear, and RACK1 and 
PKCo were present in the cytoplasm and nucleus, 
with little or no circadian variation. 

To examine circadian association of the pro- 
teins, we harvested synchronized fibroblasts sta- 
bly expressing FH-BMAL] at six circadian time 
points and immunoprecipitated FH-BMAL1 from 
nuclear fractions (Fig. 2C). BMAL1, RACK1, 
and PKCa were constitutively present in the 


nucleus (Fig. 2C, input), but coimmunoprecipi- 
tation of RACK1 and PKCa with BMAL1 was 
detected only during part of the cycle (Fig. 2C), 
the time corresponding to the phase of negative 
feedback (see Fig. 2A). Thus, RACK1 and 
PKCa are components of BMAL1 nuclear com- 
plexes, and the formation and/or dissociation of 
these complexes is under circadian control. Fur- 
ther analysis indicated that RACK1 and PKCa 
were present in ~400-kD BMAL1 complexes 
(fig. S3) (73). 

To test whether RACK1 and PKCo might be 
negative feedback regulators of CLOCK-BMAL1, 
as suggested by the time of their association with 
BMALI, we assayed the transcriptional activity of 
CLOCK-BMALI (4). Cotransfection of increas- 
ing amounts of RACK] expression plasmid nega- 
tively correlated with CLOCK-BMAL] activity 


22 JANUARY 2010 VOL 327 SCIENCE www.sciencemag.org 


Fig. 5. Short circadian period length caused by depletion 
of endogenous RACK1 or endogenous PKCo. (A to C) 
RACK1; (D to F) PKCa.. (A) Western blot showing the effect 
of control shRNA (R3 Mut, three point mutations in 22- 
nucleotide core sequence) or RACK1 shRNA (R3) on 
steady-state level of endogenous RACK1. o-TUBULIN, 
loading control. (B) Real-time circadian oscillations of 
bioluminescence in synchronized circadian reporter fibro- 
blasts after adenoviral delivery of R3 shRNA against 
RACK1 (blue) or R3 Mut control shRNA (yellow). Traces 
from three independent cultures are shown for each 
shRNA. (C) Circadian period of fibroblasts expressing R3 
Mut control or R3 RACK1 shRNA (mean + SEM; N = 3 for 
each; f test, two-tailed). [(D) to (F)] Data for electro- 
poration of control siRNA (P2 Mut, three point mutations 
in 22-nucleotide core sequence) or effective PKCo. siRNA 
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(P2) into fibroblasts displayed as in (A) to (C). 


(Fig. 3A). RACK1 produced no inhibition of the 
activity of MYOD-E12, a transcription factor 
related to CLOCK-BMALI (Fig. 3B). 

We tested whether this effect of RACK] 
likely involved PKC. C2 is a loop of PKCBIL 
(nearly identical to PKCa) that interacts with 
RACK1; binding of C2 to RACK1 antagonizes 
PKC-dependent functions of RACK1 (/9). 
Expression of C2 had no effect on either baseline 
transcription or CLOCK-BMALI activity, but 
C2 reversed the inhibitory action of RACK1 
(Fig. 3C). Thus, inhibition of CLOCK-BMALI 
activity by RACK1 likely requires binding of 
PKC. In addition, expression of PKCoa produced 
no effect on baseline transcription or CLOCK- 
BMAL] activity, but it enhanced a partial inhibi- 
tory action of RACK1 (Fig. 3D). These results 
suggest that RACK1 inhibits CLOCK-BMAL1 
activity by recruiting PKCa. 

RACK 1 targets the transcription factor hypoxia- 
inducible factor-lo. (HIF-1a) for degradation (20). 
But from our results (fig. S4) (3), it appears that 
any effect of RACK1 on the steady-state abundance 
of CLOCK or BMAL1 is unlikely to account for 
its inhibition of CLOCK-BMAL] activity. 

We analyzed in vitro binding of [*°S] 
methionine-labeled BMAL1, CLOCK, or MYOD 
to glutathione-S-transferase (GST)-RACK1. Both 
BMAL] and CLOCK bound to RACK1 fusion 
protein, whereas the related transcription factor 
MYOD showed no detectable binding (Fig. 4A). 
We also examined [*°S]methionine-labeled 
BMALI, CLOCK, or RACK1, alone or in com- 
bination, for binding to a fusion protein of mal- 
tose binding protein (MBP) with C2. BMAL1 
and CLOCK associated with C2 fusion protein 
only if RACK1 was present (Fig. 4B). This result 
suggests that RACK1 promotes assembly of 
activated PKCa and CLOCK-BMALI into a 
complex. 

To determine whether RACK1 might en- 
hance phosphorylation of BMAL1 by PKCa, we 
synthesized BMAL1 and RACK1 by in vitro 
transcription-translation and tested the ability of 
several activated classical PKCs to phosphorylate 
BMAL1 in vitro with or without RACK1. PKCa, 
but not PKCBI or PKCBII, phosphorylated 
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BMALI, and this activity was increased by the 
presence of RACK1 (Fig. 4C). 

If RACK1 has a nonredundant role in the 
clock, then depletion of endogenous RACK1 
should alter circadian period length. We intro- 
duced small hairpin RNA constructs (shRNAs) 
into circadian bioluminescence reporter fibroblasts 
(13) to deplete RACK1. Three nonoverlapping 
shRNAs each caused depletion of endogenous 
RACK relative to their respective mutated con- 
trols (Fig. SA and fig. S5, A and D), and each 
caused a shortening of circadian period length 
observable in individual bioluminescence traces: 
At the outset, all traces were aligned, but by the 
second circadian cycle all blue traces (effective 
RACK1 shRNA) were running ahead of all yel- 
low traces (ineffective mutated shRNA) (Fig. 5B 
and fig. S5, B and E). The short-period phenotype 
was significant in all cases (Fig. 5C and fig. S5, C 
and F). 

If a major function of RACK1 in the clock 
is to recruit PKCa to CLOCK-BMALI, then 
depleting PKCa should cause a short-period 
phenotype like that caused by depletion of 
RACK1. Three nonoverlapping small interfer- 
ing double-stranded RNAs (siRNAs) (P1, P2, 
and P3) were electroporated separately into 
circadian reporter fibroblasts, and each caused 
moderate depletion of endogenous PKCa and a 
significant shortening of circadian period (Fig. 
5, D to F, and fig. S6). Thus, RACK1 and 
PKCa function in the oscillatory mechanism of 
the clock, and the similar effect of depletion of 
the two proteins supports the hypothesis that 
they act in concert. 

RACK1 has been identified as a PERI- 
interacting protein in a yeast two-hybrid screen 
(21), but the in vivo relevance of this finding is 
unknown. One or more classical PKCs con- 
tributes to light-dependent resetting of the SCN 
clock (18, 22, 23) and to serum shock resetting of 
the fibroblast clock (24). Mutant mice lacking 
PKCa have impaired light-dependent resetting of 
circadian behavioral rhythms, but they exhibit no 
change in circadian period (/8). This difference 
from our results could reflect developmental com- 
pensation in the mutant mice, differences between 


the circadian clocks of the fibroblast and SCN, or, 
perhaps most likely, the ability of the SCN multi- 
oscillator network to compensate for mutations 
that alter clock function in individual cells (25). 


Our results indicate that a classical, Ca?*- 


sensitive signaling pathway is not limited to relay- 


ing 


external stimuli but is triggered by internal 


processes, forming an integral part of the circa- 
dian clock feedback loop. We do not know how 
this pathway is rhythmically activated, but it is 
intriguing that circadian oscillations of free Ca* 
have been widely observed (26, 27). 
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Tuberculous Granuloma Induction 
via Interaction of a Bacterial Secreted 
Protein with Host Epithelium 


Hannah E. Volkman,?* Tamara C. Pozos,?*t John Zheng,” J. Muse Davis, 


John F. Rawls,“ Lalita Ramakrishnan®”24 


Granulomas, organized aggregates of immune cells, are a hallmark of tuberculosis and have 
traditionally been thought to restrict mycobacterial growth. However, analysis of Mycobacterium 
marinum in zebrafish has shown that the early granuloma facilitates mycobacterial growth; 
uninfected macrophages are recruited to the granuloma where they are productively infected by 
M. marinum. Here, we identified the molecular mechanism by which mycobacteria induce 
granulomas: The bacterial secreted protein 6-kD early secreted antigenic target (ESAT-6), which has 
long been implicated in virulence, induced matrix metalloproteinase—9 (MMP9) in epithelial cells 
neighboring infected macrophages. MMP9 enhanced recruitment of macrophages, which 
contributed to nascent granuloma maturation and bacterial growth. Disruption of MMP9 function 
attenuated granuloma formation and bacterial growth. Thus, interception of epithelial MMP9 
production could hold promise as a host-targeting tuberculosis therapy. 


ment of monocytes to a peripheral infec- 

tion site where they engulf mycobacteria 
and migrate to deeper tissues (/, 2). Additional 
macrophages and other immune cells then ag- 
gregate with the infected cells to form granulomas 
(3). Granulomas, recognized as pathological hall- 
marks of tuberculosis for over a century, were 
thought to curtail infection by encasing myco- 
bacteria (4). However, visualization of granuloma 
formation in transparent zebrafish larvae in- 
fected with Mycobacterium marinum (Mm) 
has revealed that the early granuloma serves 
to expand bacterial numbers (5, 6). An infected 
macrophage induces granuloma formation by 
promoting recruitment of additional phagocytes 


To infection begins with recruit- 
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(6). Upon its death, multiple newly arriving mac- 
rophages phagocytose it and thereby become 
infected. Concerted iteration of these processes 
makes the early granuloma a site for bacterial ex- 
pansion (6). Mycobacteria direct these granuloma- 
forming processes via their region of difference—1 
(RD1) virulence locus that encodes the ESAT-6 
secretion system—1 (ESX-1) secretion system (5, 6). 
The host factors coopted in RD1-mediated gran- 
uloma formation remain unknown. 

In a host gene expression survey comparing 
zebrafish larvae infected with wild-type Mm (WT) 
or RD1-deleted Mm (ARD1) (5, 6), we identi- 
fied matrix metalloproteinase 9 (mmp9) and 
tissue inhibitor of metalloproteinase 2b (timp2b) 
as being RD1-induced during granuloma for- 
mation at 5 days post infection (5 dpi) (Fig. 1, A 
and B; tables S1 to 4; and fig. S1, A and B). To 
control for ARD1’s attenuated infection at 5 dpi 
(5), we confirmed RD1-dependent gene induc- 
tion using higher ARD1 inoculations that 
produced similar bacterial burdens at 5 dpi with 
the expected paucity of ARD1 granulomas (5, 6) 
(Fig. 1, A and C, and fig. S1C). At 1 dpi, only 
mmp9 was induced, suggesting that timp2b in- 
duction at 5 dpi was a compensatory response 
to increased mmp9 (Fig. 1D). Mmp9 is a gel- 
atinase, and gelatin zymography confirmed that 
RD1-dependent mmp9 mRNA expression resulted 
in increased Mmp9 gelatinase activity (Fig. 1). 
In contrast, mRNA expression and activity of an- 
other gelatinase Mmp2 were not altered by infec- 
tion (fig. SIA and Fig. 1E). 


MMP9 is implicated in the pathogenesis of 
several inflammatory conditions (7, 8) and is 
highly expressed in human tuberculosis as well 
as in the mouse model of tuberculosis (9—/2) 
(table S1). In mice, MMP9 activity correlates to 
increased macrophage migration and granuloma 
formation; however, it is reported to be a host 
resistance factor, perhaps because its expression 
is associated with variable effects on infection in 
different genetic backgrounds (/0). In humans, 
MMP9 clearly mediates susceptibility as its in- 
creased activity is correlated with worse outcomes 
(9). To test mmp9’s role in promoting granuloma 
formation and virulence, we knocked down its 
expression transiently with three modified anti- 
sense oligonucleotides (morpholinos) (/, /3) (fig. 
82). The morpholinos, singly or in combination, 
reduced gelatinase activity reliably up to 4 dpi 
with activity returning to control levels by 5 dpi 
(fig. S2). WT infection of morpholino-injected 
embryos (morphants) resulted in attenuated infec- 
tion sharing several features of ARD1 infection 
of control embryos. First, morphants displayed 
reduced numbers of bacteria and granulomas, as 
well as increased host survival (Fig. 2, A to C). 
Second, kinetic analyses of granuloma formation 
in the morphants confirmed a specific granuloma- 
forming deficit (Fig. 2, D to F). We found a 
dynamic link between Mmp9 activity, granuloma 
formation, and bacterial expansion: Bacterial bur- 
dens and granuloma formation differed only up 
to 4 dpi, returning to control levels by 5 dpi con- 
temporaneous with restoration of Mmp9 activity 
(Fig. 2, A to E, and fig. $2). Finally, although the 
RD1 locus promotes macrophage recruitment to 
nascent granulomas, it is not required for initial 
phagocyte migration to infecting bacteria when 
they are still extracellular (5, 6). Similarly, mmp9 
morphants displayed normal macrophage migra- 
tion to extracellular bacteria when injected into 
the hindbrain ventricle (fig. S3). 

RD1 probably contributes to granuloma ex- 
pansion through pleiotropic effects that in- 
clude inducing apoptosis of infected macrophages 
and recruiting new uninfected macrophages 
(5, 6, 14-16). In contrast, Mmp9 was not re- 
quired for RD1-induced cell death; morphant 
and control granulomas in WT infection con- 
tained similar numbers of TUNEL (terminal 
deoxynucleotidyl transferase-mediated deoxy- 
uridine triphosphate nick end labeling)-positive 
cells, whereas control granulomas in ARD1 in- 
fection exhibited the expected reduction (/3) 
(Fig. 2G). Thus RD1-induced apoptosis is Mmp9 
independent and cannot mediate bacterial ex- 
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pansion in the absence of new macrophage re- 
cruitment, and Mmp9-mediated acceleration of 
macrophage recruitment to granulomas is an in- 
dependent mediator of pathogenesis. 


Fig. 1. RD1-dependent 


Multiple cell types express MMP9 in many 
inflammatory conditions (7). In the context of 
tuberculosis, it is induced in cultured mono- 
cytes infected with Mycobacterium tuberculosis 


REPORTS ; 


(9, 17-19) and in epithelial cells (20). In ad- 
vanced human tuberculosis, induced expression 
is reported in some monocytes and multinu- 
cleated giant cells abutting necrotic centers of 
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721 + 39 WT or 484 + 147 ARD1 (NS). *P < 0.05, **P < 0.01 (Student's f test). (E) Gelatin 
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Fig. 2. Mmp9 promotes granuloma formation and virulence. (A) Fluores- 
cence images of representative control (con) and mmp9 morphant (MO) 
embryos 4 dpi with 116 WT. Arrows, granulomas; arrowheads, single 
infected macrophages. Scale bars, 400 um. (B) Bacterial burdens of all 
4-dpi embryos determined by fluorescence pixel counts (FPC) (31). (C) 
Survival of con and MO embryos (n = 30 each) infected with 150 colony- 
forming units (CFU) of WT or mock-infected (n = 20 each). Median survival 
was 10 days for infected MO and 9 days for infected con (P = 0.02; log- 
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rank test) and no different for uninfected MO and con. Top horizontal bar 
denotes duration of MO activity (fig. $2). (D to F) Kinetics of granuloma 
formation in con and MO embryos infected with 101 WT. Data in (D) were 
analyzed by Fisher’s exact test of a contingency table. Bars in (E) and (F) 
represent the mean + SEM (Student's t test). (G) Median number of TUNEL- 
positive cells per con or MO granuloma 4 dpi with 37 CFU of WT and con 
granulomas 4 dpi with 585 ARD1 (one-way analysis of variance; P = 
0.003, with Dunnet’s multiple comparison test). 
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lymph node granulomas (/8, 2/) and in epithe- 
lial cells proximal to lung granulomas (20). To 
understand how the RD1-Mmp9 axis mediates 
granuloma formation, we assessed localization 
of mmp9 expression during this process. Fluo- 
rescence whole-mount in situ hybridization (FISH) 
(J) revealed RD1-dependent mmp9 induction in 
5-dpi embryos in cells associated with granulomas 
as well as in distal single cells (Fig. 3A). Multiplex 
FISH combining the mmp9 and macrophage- 
specific fms probes, or mmp9 and neutrophil- 
specific mpo probes (/), showed that the distal 
single cells consisted largely of neutrophils 
with a minor macrophage contribution (figs. S4 
and S5). However, mmp9 expression by neu- 
trophils and macrophages was unlikely to be 
relevant for granuloma formation because their 
mmp9 expression induced by infection was RD1 
independent, and most granulomas contained 


few, if any, of these cells (Fig. 3B and figs. S4 
and SS). 

Differential interference contrast (DIC) and 
confocal microscopy revealed that granuloma- 
associated mmp9 expression was localized to epi- 
thelial cells proximate to infected macrophages 
(22) (Fig. 3B and movie S1). Expression was 
restricted to specific epithelial cell types: Epi- 
dermal cells adjacent to the granuloma expressed 
mmp9, whereas immediately overlying peridermal 
cells did not (22) (movie S1). Epidermal cell- 
specific expression was highlighted in granulomas 
forming in muscle where mmp9 was expressed 
not by the immediately surrounding myocytes 
but by their closest epidermal neighbors (Fig. 3C 
and movie S2). Every granuloma analyzed had 
proximate mmp9-expressing epithelial cells (n = 
35 granulomas in 9 fish), including the smallest 
identifiable macrophage aggregates (fig. S6 and 


movie S3). Thus Mmp9 induction is critical for 
granuloma formation from the very earliest stages 
and probably in later stages as well, given RD1’s 
continued influence on granuloma structure in 
chronic tuberculous infection (5, 23). 

Bacteria residing in macrophages could in- 
duce epithelial cell mmp9 in two ways: (i) RD1 
might induce macrophage signals such as se- 
creted cytokines (24, 25) that in turn elicit mmp9 
secretion by epithelial cells, or (ii) bacteria (26, 27) 
or bacterial products (28) released from macro- 
phages might interact directly with epithelial 
cells. To distinguish between these mechanisms, 
we assessed mmp9 induction in pu.J morphants 
that lack macrophages and in which infection 
results in extracellular mycobacterial growth (/). 
pu.1 morphants exhibited RD1-dependent mmp9 
induction, suggesting that bacteria or their products 
interact directly with epithelial cells to induce 


Fig. 3. mmp9 is selectively induced in epithelial cells neighboring infected 
macrophages. (A) mmp9 FISH images of embryos 5 days after mock infection or 
infection with 78 CFU of WT or 130 CFU of ARD1. Arrows, mmp9 expression 
corresponding to granulomas; arrowheads, single mmp9-expressing cells. Scale 
bars, 400um. (B and C) Images of WT granulomas after dual mmp9 and fms 
FISH. (B) Fluorescence (left), DIC (middle), and overlay (right) images. e, epi- 
dermal cell; p, peridermal cell; M@, macrophage. Scale bar, 20 um. Also see 


Fig. 4. Mycobacterial ESAT-6 
is sufficient to induce mmp9 
in epithelial cells inde- 
pendent of Myd88 and TNF 
signaling. (A to D) Relative 
mmp9 expression ana- 
lyzed by real-time quanti- 
tative reverse transcriptase— 
polymerase chain reaction 
of (A) con or pu.1 morphant 
embryos 3 dpi with 84 WT 
or 126 ARD1 (represents 
one biological replicate), or 
(B) 34-hpf (hours post fertilization) embryos 4 hours after injection with WT or 
ARD1 bacterial supernatant. Bars represent the means + SEM of three 
biological replicates. (C) Thirty-four—hpf con embryos 4 hours after in- 
jection with 4.8 x 10-7” mol of purified ESAT-6 or CFP-10, or 4.9 x 1077” 
mol of ESAT-6 plus 5.0 x 1077” mol of CFP-10. Bars represent the means 
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movie $1. (C) Fluorescence and DIC overlay of nascent WT muscle granuloma 
(left). Dotted white circles outline bacterial clusters discerned by DIC micros- 
copy. Fluorescence data have been deconvolved. Right panel represents three- 
dimensional reconstruction from fluorescence image of the same lesion with 
bacterial locations pseudocolored blue, showing complete absence of mmp9 
expression in adjacent muscle, and strong mmp9 expression in nearest neigh- 
boring epidermal cells. Scale bar, 20 um. Also see movie $2. 


- - 
ta) » 2 
SE & & 
s2 = 2 
£ ae | 
@ 
2s 5] 
, 2 2 
8 5 


| | { | 
’ + 


Thy) 


ESAT 


[| | 
o 
F ‘ . 


FR 


(+ SEM) of five biological replicates. (D) Thirty-four—hpf con embryos, myd88 
morphants, or tr1 morphants 4 hours after injection with 5.7 x 10°”” mol 
of purified ESAT-6. Bars represent the means + SEM of four biological 
replicates (pu.2 morphant), or three biological replicates (myd88 and tr1 
morphants). 
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mmp9 by a macrophage-independent mecha- 
nism (Fig. 4A). 

The observation that uninfected epithelial 
cell mmp9 induction can occur distant from in- 
fection foci (Fig. 3C and movie S3) implicated 
an RD1-dependent secreted determinant rather 
than direct bacterial contact with epithelial cells. 
Indeed, injection of WT but not ARD1 bacterial 
supernatants rapidly induced mmp9 expression 
(Fig. 4B). The ESX-1 secretion system secretes 
five proteins that are all mutually codependent 
for secretion, so distinguishing their individual 
roles in virulence has been difficult (74, 75). We 
pursued ESAT-6 as the lead candidate for in- 
ducing mmp9 for two reasons: ESAT-6 mediates 
virulence independent of secretion (/5), and its 
pore-forming activity (29, 30) could allow it 
direct access to epithelial cells. Injection of 4.8 x 
10 '’ mol of purified ESAT-6 was sufficient to 
induce mmp9 within 4 hours (Fig. 4C). In con- 
trast, 5.0 x 10°!” mol of 10-kD culture filtrate 
protein (CFP-10), thought to bind ESAT-6 and 
serve as its chaperone (/5), failed to induce 
mmp9 significantly (Fig. 4C). Moreover, coin- 
jection of CFP-10 and ESAT-6 did not augment 
the induction observed with ESAT-6 alone, 
confirming an ESAT-6-specific effect (Fig. 4C). 
Finally, similar to RD1-competent bacteria 
(Fig. 4A), ESAT-6 induced mmp9 in pu.1 
morphants (Fig. 4D), consistent with a direct 
interaction with epithelial cells. We next asked 
if epithelial cell mmp9 induction was dependent 
on MyD88 and TNF (tumor necrosis factor) sig- 
naling, as each can enhance mycobacterial in- 
duction of mmp9 in cultured cells under certain 
conditions (/9, 20). ESAT-6 induced mmp9 in 
myd88 and tnf-receptor 1 (trl) morphants (Fig. 
4D), suggesting a previously unknown pathway 
for this epithelial cell-specific interaction. More- 
over, TNF-independent induction of mmp9 is 
consistent with the finding that TNF does not 
mediate granuloma formation either in the pres- 
ence or absence of bacterial RD1 (/3). 

Thus, ESAT-6 functions in virulence by pro- 
moting granuloma formation via interaction with 
epithelial cells, previously regarded as bystanders 
in the pathogenesis of tuberculosis (fig. S7). The 
cooption of epithelial cells may offer mycobac- 
teria a means of amplifying MMP9 secretion in 
the vicinity of a single infected macrophage to 
establish the granuloma niche. In addition, the 
differential induction of inflammatory programs 
in macrophages and epithelial cells may gener- 
ate a hospitable growth niche in macrophages 
while harnessing epithelial cells to facilitate 
the chemotaxis of additional macrophages for 
niche expansion (6) (fig. S7). Our work provides 
a mechanistic explanation for the implication of 
MMP9 in human susceptibility to tuberculosis 
(9, 11, 12) and suggests targeted inhibition of its 
expression as a host-directed antituberculous ther- 
apy. Because increased MMP9 is detrimental in 
both tuberculosis and a variety of noninfectious 
inflammatory conditions (7), interception of this 
pathway may have broad utility in treating a 


variety of inflammatory conditions in addition 
to tuberculosis. 
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Evolution of MRSA During 
Hospital Transmission and 
Intercontinental Spread 
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Current methods for differentiating isolates of predominant lineages of pathogenic bacteria often 
do not provide sufficient resolution to define precise relationships. Here, we describe a high- 
throughput genomics approach that provides a high-resolution view of the epidemiology and 
microevolution of a dominant strain of methicillin-resistant Staphylococcus aureus (MRSA). This 
approach reveals the global geographic structure within the lineage, its intercontinental trans- 
mission through four decades, and the potential to trace person-to-person transmission within a 
hospital environment. The ability to interrogate and resolve bacterial populations is applicable to a 
range of infectious diseases, as well as microbial ecology. 


niques has been instrumental in studying 

the population structure and evolution of 
bacterial pathogens. Sequence-based approaches, 
such as multilocus sequence typing (MLST) (J), 
have resulted in large searchable databases of 
the most clinically important species. However, 
MLST defines variation within a very small sam- 


T= development of molecular typing tech- 


ple of the genome and cannot distinguish between 
closely related isolates. Full-genome sequencing 
provides a complete inventory of microevolu- 
tionary changes, but this approach is impractical 
for large population samples. The use of next- 
generation sequencing technologies, such as 
Illumina Genome Analyzer, bridges this gap by 
mapping genome-wide single-nucleotide poly- 
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morphisms (SNPs) and insertions or deletions 
(indels) to a reference sequence. The use of index 
adapters to create individually tagged genomic 
libraries provides the means to generate data for 
multiple bacterial isolates on a single sequencer 
lane and makes it feasible to rapidly generate 
whole-genome DNA sequence data for large 
population samples of bacteria. 
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Health care—associated, methicillin-resistant 
Staphylococcus aureus (HA-MRSA) is a globally 
important human pathogen. Current typing meth- 
ods resolve the majority of HA-MRSA isolates 
into a small number of widely disseminated clonal 
lineages (2). One such clone, defined by MLST as 
sequence type 239 (ST239), is multiply antibiotic- 
resistant and accounts for at least 90% of HA- 
MRSA throughout China (3), Thailand (4), Turkey 
(5), and probably much of mainland Asia (6). 
ST239 has been detected in South America (7, 8) 
and is currently circulating in Eastern Europe 
(9-11). Variants of ST239 correspond to the 
epidemic MRSA(1}-1, -4, -11, Brazilian, Portu- 
guese, Hungarian, and Viennese clones, which 
are distinguished on the basis of variation within 
the large type III SCCmec element, spa data, and 
subtle differences by pulsed-field gel electropho- 
resis (PFGE). Despite this variation, current 
typing methods provide little discriminatory 
power for subtyping ST239 isolates within a 
given region because single variants that undergo 
clonal expansion can dominate in hospitals 
throughout a large geographic area. 

To investigate the utility of a second-generation 
DNA sequencing platform for high-resolution 
genotyping and investigation of the microevo- 
lutionary events within MRSA, we analyzed 63 
ST2339 isolates (table S1) from two distinct samples 
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(12). The first sample, consisting of 43 isolates from 
a global collection recovered between 1982 and 
2003, provides a snapshot of the global ST239 
population. One of these isolates (TW20) was 
sequenced to completion to provide a reference for 
analysis. The second sample of 20 isolates, derived 
from patients at the Sappasithiprasong hospital in 
northeast Thailand within a 7-month period, 
provides a very closely related group, potentially 
linked via a chain of transmission. 

Mapping reads for each isolate against 
TW20 (table S2) identified 6714 high-quality 
SNPs. These SNPs had a markedly uneven dis- 
tribution across the genome (fig. S1A), largely 
related to whether the SNP resided in the core 
(present in all sample isolates) or accessory regions 
of the genome. The accessory genome primarily 
comprised mobile genetic elements (MGEs) such 
as phage, transposons, SCCmec, and genomic 
islands that are known to constitute a major 
source of variation between S. aureus genomes 
(13). Because MGEs have an inherent potential 
for horizontal transfer between isolates, which 
could confound phylogenetic interpretations, we 
distinguished between the “core” and “noncore” 
genome for subsequent analysis. 

The maximum likelihood phylogeny pre- 
sented in Fig. 1 was reconstructed by using the 
4310 variable sites in the core genome (table S3). 
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$25 Thailand 10th Nov 2006 
$97 Thailand 26th Feb 2007 
$106 Thailand 10th Mar 2007 
S2 Thailand 18th Oct 2006 
$78 Thailand 7th Feb 2007 
$42 Thailand 22nd Nov 2006 
$24 Thailand 9th Nov 2006 
$81 Thailand 8th Feb 2007 
$39 Thailand 20th Nov 2006 
$21 Thailand 6th Nov 2006 


Fig. 1. Phylogenetic evidence for intercontinental spread and 
hospital transmission of ST239 isolates. Maximum likelihood 
phylogenetic tree based on core genome SNPs of ST239 isolates, 
annotated with the country and year of isolation. The continental origin 
f of each isolate is indicated by the color of the isolate name: blue, Asia; 
A black, North America; green, South America; red, Europe; and yellow, 
Australasia. Bootstrap values are shown below each branch, with a star 
representing 100% bootstrap support. The scale bar represents substi- 
tutions per SNP site. A cladogram of the Thai clade is displayed for 


greater resolution with bootstrap values (above the branch), number of distinguishing SNPs (below the branch), and isolates labeled with date of isolation, where known. 
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We are confident that our approach has resulted 
in a robust tree. First, we noted little evidence of 
homoplasy (convergent evolution); of the 4310 
sites that exhibited a SNP, only 38 (0.88%) were 
homoplasic (cannot be explained without con- 
vergence when mapped onto the tree) (Table 1). 
Notably, many of the homoplasic SNPs were in 
genes involved in drug resistance, with 10 corre- 
sponding to mutations known to confer resistance. 
Secondly, the tree showed a striking consistency 
with geographic source (Fig. 1). The South Amer- 
ican isolates, with one exception, clustered tightly 
within a highly distinct and uniform clade, which 
may reflect a recent expansion of a single variant 
throughout the continent. Similarly, the Thai and 


0.02 


Chinese isolates formed a single, although more 
diverse, Asian clade. The European isolates were 
more diverse still, with most positioned basally on 
the tree, consistent with a possible European origin 
for ST239. Within the European isolates, there 
was also evidence of geographical clustering. 
There were several exceptions to this geograph- 
ical structure that illustrate the intercontinental 
spread of MRSA. Two PGFE-distinguishable 
clones of ST239 are known to have dominated in 
Portuguese hospitals during the 1990s: the Portu- 
guese clone in the early 1990s and the Brazilian 
clone that appeared in 1997. All seven Portu- 
guese clone isolates recovered between 1990 and 
1993 clustered together, whereas the three Bra- 


° 
TAMNTWMONDDE 


spa type PFGE cluster 


Fig. 2. Comparison of phylogeny with traditional typing techniques. Maximum likelihood phylogenetic 
tree based on core genome SNPs of $T239 isolates, annotated with spa typing databased on the RIDOM 
scheme (27), and PFGE typing databased on BioNumerics (version 4.0, Applied Maths, Ghent, Belgium) 
clustering (excluding the Thai hospital isolates and USA300, which had not been typed). The most common 
spa type was t037, which accounted for all but one of the isolates corresponding to the South American 
clade but was also represented among a scattering of isolates from Europe and Asia, suggesting that t037 
represents the ancestral ST239 spa type (the plesiomorphic state). Solid boxes in the appropriate column 
indicate the respective spa type (left grid) and PFGE cluster (right grid) of the strain. Major clades in the tree 


are shaded for clarity. 
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zilian clone isolates clustered within the South 
American clade, strongly supporting the hypoth- 
esis that this second wave in Portugal resulted 
from the introduction of a South American variant. 

More intriguing were two European isolates 
that clustered within the Thai clade: DEN907, 
isolated in Denmark, and TW20, from a large 2- 
year outbreak at a London hospital (/4). In ad- 
dition to the core SNPs, both isolates contain the 
oSPB-like (TW20) prophage characteristic of the 
Asian clade (fig. S1B). Records for the Danish 
isolate indicated that the patient was Thai, con- 
sistent with its position on the tree. The position 
of TW20 is less readily explained and potentially 
points to a single intercontinental transmission 
event, most likely from southeast Asia, that 
sparked the London outbreak. 

Although the current isolate collection did not 
permit a robust temporal analysis, a linear regres- 
sion of root-to-tip distances against the year of 
sampling showed a strong correlation, with older 
isolates positioned more basally (fig. S2). The 
estimated mutation rate for the isolate collection 
was 3.3 x 10 ° [95% confidence interval (CD 
from 2.5 x 10 © to 4.0 x 10 °] per site per year 
and would date the most recent common ancestor 
of ST239 to the mid to late 1960s, a period con- 
temporaneous with the emergence of MRSA in 
Europe (/5). This rate is about 1000 times faster 
than the canonical substitution rate estimate for 
E. coli (16) but more in line with recent rate 
estimates based on analyses of more closely re- 
lated bacterial genomes (/7, /8). Potential ex- 
planations for this could include a reduction in 
effective population size, leading to increased 
accumulation of mutations (although we have no 
evidence of this), or the possibility that some of 
the core SNPs were transferred by recombination, 
although the low level of homoplasy suggests that 
recombination has been rare. Alternatively, it may 
be that the greater resolution of our analysis 
allows us to determine the rate of mutation in the 
population before selection has had time to purify 
out those that are detrimental. This explanation 
implies that purifying selection acts on all 
mutations, including intergenic and synonymous 
sites, but over longer time periods, as suggested 
by Moran et al. (/7) and shown for nonsynon- 
ymous mutations by Rocha et al. (19). 

In addition to providing evidence for inter- 
continental transmission of ST239 variants, these 
data also hold the promise of revealing fine-scale 
transmission events between or within single 
hospitals. Our data included 20 isolates collected 
over 7 months at a single hospital in Thailand. 
These isolates were surprisingly divergent when 
compared with the South American clade (which 
encompasses isolates from Brazil, Chile, Argentina, 
and Uruguay). However, five isolates were dif- 
ferentiated by only 14 SNPs: four isolates (S21, 
$24, S39, and S42) obtained within a 16-day 
period and the remainder (S81) isolated 11 weeks 
later. These times of isolation are consistent with 
our estimated mutation rate of one core SNP 
every 6 weeks. We examined the possibility of 
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Table 1. Homoplasies identified in the core regions of ST239 isolates. The SNP substitutions listed relate to the predicted forward strand of the TW20 
chromosome. Isolates where homoplasies were detected are indicated, and where the isolates share the same node as illustrated in the phylogenic tree in Fig. 1 
they are in parentheses. bp indicates base pairs. 


SNP position Region Isolates SNP Substitution Antibiotic 
7254 DNA gyrase subunit A (GyrA) HUSA304, (S85, S130, $87) T>G — Ser®*Ala®* 
(Ser84Ala)” 
7255 GyrA (BK2421, LHH1), (GRE18, GRE317, GRE4), (TUR, CoT Ser84Leu Quinolone (23) 
TUR1), (TUR27, 3HK), (URU110, HU25, 2A8, 
BRA36, BZ48, BRA2, CHL1, CHL151, HGSA9, 
HGSA142, HSJ216, AGT67, AGT9, URU34, AGT1), 
HUSA304, GRE108, (CHI59, CHI61), (S102, $40, 
S71, $93, TW20, $38, S7, DEN907, $26, S25, $97, 
$106, $2, $78, $42, $24, $81, S39, S21) 
7266 GyrA (HU109, HUR18), AGT120, HU106, (ICP5014, GA Lys88Glu Quinolone (23) 
1CP5062) 
133864 Immunoglobulin G binding protein HU25, GRE108 GA Synonymous - 
A precursor 
134787 92 bp upstream of immunoglobulin 3HK, (HU25, BZ48, BRA2, CHL1, AGT120, GoT Intergenic - 
G binding protein A precursor HGSA142, HSJ216, AGT67, AGT9, AGT1) 
278498 129 bp upstream of putative acetyl— (ANS46, BK2421, LHH1, R35, GRE18, GRE317, TC Intergenic - 
coenzyme A transferase GRE4, TUR9, TUR1, HU109, HUR18, TUR27, 3HK), 
GRE108 
436474 34 bp upstream of putative (TURY, TUR1, HU109, HUR18, TUR27, 3HK), CT Intergenic - 
dioxygenase HSA10 
594883 Tetrapyrrole (corrin/porphyrin) (BK24210, LHH1), TUR9 CT Pro49Ser - 
methylase family protein 
657696 DNA-directed RNA polymerase beta GRE4, HSJ216, GRE108, HDG2 CoA Asp471Glu Rifampin (25) 
chain protein (RpoB) 
657724 RpoB (GRE18, GRE317, GRE4), (TUR9, TUR1, HU109, CA His481Asn Rifampin (25) 
HUR18, TUR27, 3HK), (HU25, 2A8, BRA36, BZ48, 
BRA2, CHL1, CHL151, AGT120, HGSA9, HGSA142, 
HSJ]216, AGT67, AGT9, URU34, AGT1), (HDG2, 
HSA10, FFP103), (S85, $87, $130, $93, $71, 
$102, S40) 
657869 DNA-directed RNA polymerase beta AGT67, (S93, $71, $102, $40) CT Ser529Leu Rifampin (25) 
chain protein RpoB 
666536 Translation elongation factor G (FusA) (GRE18, GRE317, GRE4), GRE108 TA Leu4é1Lyst Fusidic acid (20) 
666537 FusA (GRE18, GRE317, GRE4), GRE108 ToA 
681826 48 bp upstream of serine-aspartate CHI61, (S26, S97, S2, $78, $39) CA Intergenic - 
repeat-containing protein C 
862898 Putative membrane protein GRE4, (S87, S130) A>C Ser160Ala - 
1130135 63 bp upstream of FolD bifunctional URU110, HGSA9 GT Intergenic - 
protein 
1138698 Phosphoribosylglycinamide (GRE18, GRE317, GRE4), (HUSA304, HU106), TA Leu174Met - 
formyltransferase (PurN) (HSA10, FFP103) 
1172434 50 bp upstream of probable (TUR27, 3HK), (HU25, 2A8, BRA36, BZ48, BRA2, T-G Intergenic - 
manganese transport protein CHL1, CHL151, AGT120, HGSA9, HGSA142, 
HSJ216, AGT67, AGT9, URU34, AGT1), (TW20, 
$38, S7, DEN907, $26, S97, S25, S2, $106, S78, 
$24, $81, $39) 
1172436 52 bp upstream of probable (BK24210, LHH1), HSA11 ToC Intergenic - 
manganese transport protein 
1172444 60 bp upstream of probable (R35, GRE18, GRE317, GRE4), (HDG2, HSA10, CG Intergenic - 
manganese transport protein FFP103, ICP5011, ICP5014, ICP5062) 
1206826 ribonuclease Hill (HU25, 2A8, BRA36, BZ48, BRA2, CHL1, CHL151, CoT Glu199Lys - 
AGT120, HGSA9, HGSA142, HS]216, AGT67, 
AGT9, URU34, AGT1), (TW20) 
1261219 Isoleucyl-tRNA synthetase CHI59, TW20 GT Val588Phe Mupirocin (22) 
1448063 Topoisomerase IV subunit A (GrlA) ANS46, R35, (HDG2, HSA10, FFP103), ICP5011 TC Ser80Phe Quinolone (23) 


Continued on next page 
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Isolates SNP Substitution Antibiotic 
GRE18, (URU110, HU25, 2A8, BRA36, BZ48, ToC His150Arg Trimethoprim (24) 
BRA2, CHL1, CHL151, AGT120, HGSA9, HGSA142, 
HS]216, AGT67, AGT9, URU34, AGT1) 
(ANS46, BK2421, LHH1), (GRE18, GRE317, GRE4), A>T Phe99Tyr Trimethoprim (21) 
(URU110, HU25, 2A8, BRA36, BZ48, BRA2, CHL1, 
CHL151, AGT120, HGSA9, HGSA142, HSJ216, 
AGT67, AGT9, URU34, AGT1), (HU106, HUSA304, 
HDG2, HSA10, FFP103, ICP5011, ICP5014, 
ICP5062) 
LHH1, 2A8 GA Synonymous - 
LHH1, 2A8, GRE108 GA Synonymous - 
LHH1, 2A8, GRE108 GA Synonymous - 
LHH1, 2A8, GRE108 GA Synonymous - 
ICP5014, (CHI59, CHI61) ToG Synonymous - 
(BK24210, LHH1), (HU106, HUSA304) CT Synonymous - 
HDG2, (S85, $87, $130, S93, S71, $102, S40, A>G Pro63Ser - 
TW20, $38, S7, DEN907, $26, S25, $97, S106, S2, 
S78, S42, $24, $81, $39, $21) 
ANS46, URU110 G>T Asn208Lys - 
TUR1, S40 GA Ser43Phe = 
(BK24210, LHH1), GRE18 A-T Intergenic - 
(TURY, TUR1, HU109, TUR27, 3HK), GRE108, TRC Intergenic - 
CHI59 
(TURY, TUR1, HU109, TUR27, 3HK), GRE108, GT Intergenic - 
CHI59, ($38, DEN907, S26, S25, S97, S106, S2, 
S78, $42, $24, $81, $39, $21) 
3HK, $106 CT Intergenic - 


1524413 Dihydrofolate reductase type | (DfrB) 
1524566 DfrB 
1524789 DfrB 
1525796 Thymidylate synthase (ThyA) 
1525817 ThyA 
1525832 ThyA 
1640281 Glyoxalase/bleomycin resistance 
protein/dioxygenase superfamily 
protein 
1689862 Putative transcriptional repressor 
(CcpN) 
1755814 Probable cell wall amidase (LytH) 
1921379 Bifunctional riboflavin biosynthesis 
protein (RibD) 
2334865 Protein SprT-like 
2753531 458 bp upstream of conserved 
hypothetical protein 
2828688 200 bp downstream of putative 
exported protein 
2828714 226 bp downstream of putative 
exported protein 
2859765 39 bp upstream of 


O-acetyltransferase (OatA) 


*Change from serine to alanine occurs due to accompanying SNP (7255) within the same codon. 


same codon. 


an epidemiological link between these five iso- 
lates and noted that the patients were located in 
wards in adjacent blocks of the hospital and that 
these wards were not represented in the more 
divergent isolates. This result has important im- 
plications for infection control and generates in- 
valuable information for interventions to target 
MRSA transmission. 

Typing methods, such as spa and PFGE, are 
routinely used for epidemiological studies of 
S. aureus and other bacteria and can distinguish 
between different ST239 variants. We explored 
the extent to which the variation assayed by these 
methods is consistent with the high-resolution 
SNP data. Overall, we found high levels of con- 
sistency between spa type and phylogenetic 
position (Fig. 2), with only a single example of 
a spa type being shared by unrelated isolates 
(GRE317 and HU25). This finding contrasts with 
the study of Niibel et a/. (20), who noted in- 
consistencies between the spa data and SNP data 
for the STS lineage. One possible explanation for 
this discrepancy is that there has been insufficient 
time to accumulate numerous spa homoplasies 
within the younger ST239 clone. 

PFGE data for the isolates (excluding the 
Thai isolates) divided the collection into 10 


clusters (fig. S3). Again, there was a large degree 
of consistency between the PFGE clusters and 
the tree (Fig. 2). However, there were some in- 
compatibilities. For example, cluster 6 was found 
in unrelated European and Asian isolates. Although 
certain prophage and MGEs are associated with 
specific clades [e.g., ¢SPB-like (TW20) prophage 
with the Asian clade], the inconsistencies here are 
likely to be due to the frequent gain and loss of 
MGEs, which can have dramatic effects on 
PFGE patterns. 

By analyzing whole-genome data of a col- 
lection of MRSA ST239, we have gained new 
insights into fundamental processes of evolution 
in an important human pathogen. By creating a 
precise and robust phylogeny for the collection, 
we now have a highly informative perspective on 
the evolution of the clone. 

These observations point to a limited num- 
ber of successful intercontinental transmission 
events and expansion of subclonal variants that 
in some cases have become dominant in their 
new geographical region. The potential to detect 
these new introductions and target heightened 
infection control interventions, as occurred in 
the London TW20 outbreak, has clear public 
health implications and highlights the need for 


+Change from leucine to lysine due to the presence of both SNPs (666536, 666537) within the 


more informed global surveillance strategies. 
Equally important is the achievement of abso- 
lute discrimination of isolates within a single 
clinical setting, even those recovered only days 
apart, and the ability to use this SNP data to 
inform epidemiological analysis. Multiple addi- 
tional costly infection control interventions are 
often used to reduce MRSA transmission sup- 
ported by patient, staff, and environmental screen- 
ing programs. The estimated rate of core genome 
divergence (1 SNP per ~6 weeks) should provide 
sufficient diversity to separate recent from distant 
transmission events, thereby dramatically improv- 
ing contact tracing in endemic and outbreak 
settings and allowing targeting of diagnostics 
and interventions according to need. The addi- 
tional variation from noncore regions provides 
supplementary discriminatory power and may in- 
form the design of bespoke typing schemes for 
specific clones and locales. 

From these data, we have described an es- 
timated time frame for the emergence of a bac- 
terial pathogen clone and how it has subsequently 
evolved. Of particular importance is the obser- 
vation that over a quarter (28.9%) of the 
homoplasies detected can be directly related to 
evolution of resistance to antibiotic drugs cur- 
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rently in use (2/—26), confirming clinical practice 
as a major driver of pathogen evolution and 
lending heightened importance to understanding 
the relevance of other homoplasies. Such insights 
inform future surveillance strategies for the de- 
tection of emerging clones and management of 
epidemic spread. We fully anticipate that, as the 
technology and analytical methods improve, the 
approach described here will underpin the next 
wave of molecular data for epidemiological and 
microevolutionary studies in bacteria. 
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Impact of Spikelets on Hippocampal 
CA1 Pyramidal Cell Activity During 


Spatial Exploration 


Jérome Epsztein,*+ Albert K. Lee,*t Edith Chorev, Michael Brecht 


In vivo intracellular recordings of hippocampal neurons reveal the occurrence of fast events of 
small amplitude called spikelets or fast prepotentials. Because intracellular recordings have been 
restricted to anesthetized or head-fixed animals, it is not known how spikelet activity contributes to 
hippocampal spatial representations. We addressed this question in CA1 pyramidal cells by using in 
vivo whole-cell recording in freely moving rats. We observed a high incidence of spikelets that 
occurred either in isolation or in bursts and could drive spiking as fast prepotentials of action 
potentials. Spikelets strongly contributed to spiking activity, driving ~30% of all action potentials. 
CA1 pyramidal cell firing and spikelet activity were comodulated as a function of the animal's 
location in the environment. We conclude that spikelets have a major impact on hippocampal 


activity during spatial exploration. 


pikelets are voltage fluctuations of small 
amplitude with a spike-like waveform. 
They were initially described in in vivo 
intracellular recordings from the hippocampus 
and inferior olive of anesthetized animals (/, 2). 
Further in vitro experimental work using paired 
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recordings has shown that spikelets can result 
from direct action potential transmission via 
electrical coupling between principal cells (3, 4) 
and interneurons (5—/2). In the hippocampus, it 
has been suggested that such coupling can occur 
between the axons of principal neurons (/3, /4). 
However, it has also been suggested that spike- 
lets could reflect the occurrence of ectopic 
axonal spikes (/5—/7) or dendritic spikes (/), 
and the exact origin of spikelet activity remains 
to be clarified. Because spikelets are difficult to 
detect with extracellular techniques classically 
used to record neuronal activity in freely mov- 
ing animals, nothing is known about how these 
events contribute to hippocampal spatial repre- 
sentations (18, 19). To address this question, we 


used head-anchored whole-cell recording in 
freely moving rats (20-23) and analyzed spikelet 
activity during spatial exploration (22). 

Recordings were performed in current clamp 
mode while the animal freely explored an O- 
shaped maze. We first characterized the proper- 
ties of hippocampal spikelets (Fig. 1). In an 
identified CA1 pyramidal cell (Fig. 1A), we 
observed fast all-or-none events of small ampli- 
tude (Fig. 1B, upper trace) that occurred at high 
frequency (mean = 4.96 Hz) while the rat ran 
around the maze (Fig. 1B, lower trace). In 10 
neurons, these events had electrophysiological 
characteristics (Fig. 1C) matching those of pre- 
viously described spikelets such as a fast rise time 
(mean + SEM = 0.56 + 0.08 ms), a biphasic de- 
cay (tl = 0.87 + 0.11 ms; 12 = 17.3 + 5.2 ms), a 
small amplitude (mean = 7.03 + 1.00 mV), and 
all-or-none behavior. Spikelets had much faster 
kinetics and higher amplitude (P < 0.01) than did 
excitatory postsynaptic events recorded in the 
same cells (Fig. 1, D and E, and fig. $1). On the 
other hand, they were much slower and smaller 
(P < 0.001) than action potentials (APs) (Fig. 1F 
and fig. S1). 

Spikelets were found in a majority of rec- 
orded CA1 pyramidal cells (10 out of 16 cells) 
and occurred with a mean frequency of 4.8 + 
1.6 Hz. Spikelets could be observed either iso- 
lated or in the form of short bursts (mean burst 
duration = 19 + 1 ms; Fig. 2, A and B). Bursts 
consisted of three to six spikelets (mean = 3.2 + 
0.4) at high frequency (mean = 138 + 9 Hz, Fig. 
2C) often embedded with APs (in five cells with 
spikelet bursts). 

How are spikelets related to the neuron’s su- 
prathreshold activity? To address this, we first 
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analyzed whether spikelets contribute to AP ac- 
tivity. Spikelets could be recorded as fast pre- 
potentials of APs as previously described (/, 2, 24) 
(Fig. 3A). Close examination (Fig. 3B) revealed 
two populations of APs in our data set: some 
starting abruptly from a slowly rising baseline 
membrane potential (we refer to them as full- 
blown APs, fb-APs) and some starting with a 
faster initial rising phase (we refer to this second 
class of APs as shoulder APs, sh-APs). When the 
first derivative (dV/dt) of the AP was computed 
(Fig. 3C), a characteristic initial rising phase 
(shoulder potential) was seen before the threshold 
for sh-APs, whereas no such shoulder was ob- 
served for fb-APs or APs evoked by current step 
injection. The distinction between fb-APs and 
sh-APs became much clearer when the rate of 
rise of the membrane potential in the 1 ms im- 
mediately preceding the AP threshold (50 V/s) 
was computed (fig. S2). 
Fig. 1. Spikelets from an A 

identified hippocampal CA1 

pyramidal cell in a freely 

moving rat. (A) Reconstruc- 

tion of the morphology of 

the recorded CA1 pyramidal y 
neuron filled with biocytin } 
during recording. (B) (Top) | 
Membrane potential trace f 
recorded during spatial ex- d 
ploration. Fast events of 
small amplitude (red stars) 
are present in addition to 
action potentials (APs). 
(Bottom) Corresponding 
speed of the animal’s head. 
(C) Averaged spikelet (n = 
35). Mean spikelet has a fast 
rise time (rs) and a decay 
time best fitted by the sum of 


v1 
¢ 
rs = 0.45 ms 


two exponentials. (D) Superimposition of averaged APs (green), spikelets 
(red), and excitatory postsynaptic potentials (EPSPs, blue). (E) Scatterplot of 
EPSP (blue) and spikelet (red) amplitude versus rise time. Spikelets represent 
an independent population of events with faster rise times and larger 


Fig. 2. Temporal pattern of A 
spikelets. (A) (Top) Membrane 
potential trace of a CA1 pyramidal 
cell during spatial exploration. 
Spikelets often occur as high 
frequency bursts. (Bottom) Corre- 
sponding speed of the animal's 
head. (B) Example of a spikelet 
burst recorded in this cell. (Top) 
Unfiltered. (Bottom) Filtered in 
the ripple frequency band. (C) 
Mean power spectrum of spikelet 
bursts recorded in this cell (n = 
49 bursts, mean interspikelet 
interval = 6.1 + 1.5 ms). 


unfiltered 


filtered 
(140-200 Hz) 
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A number of observations suggest that sh-APs 
are actually APs initiated by spikelets: Spikelets 
and shoulder potentials had (i) similar rates of 
rise (12.5 + 2.4 versus 13.1 + 2.6 V/s; P= 0.78), 
(ii) similar peak dV/dt (15.1 + 3.6 versus 19.1 + 
7.5 V/s; P = 0.90), and (iii) sh-APs were never 
seen in cells that had no spikelet activity (n = 
6 out of 6) (fig. S3). That spikelets are sufficient 
to trigger spikes is strongly supported by the 
temporal correlation of all spikelet (including 
shoulder potentials) and AP activity. As shown in 
the spikelet-AP crosscorrelogram (Fig. 3, D and 
E), APs were tightly time-locked to spikelets, 
suggesting that it is the occurrence of the spikelet 
rather than other inputs that ultimately drives 
those APs. In addition to the sharp millisecond 
time scale locking of spikelets and AP activity, 
we also observed a broader temporal correlation 
on the 10-ms time scale. As stated above, 
spikelets often occurred in the form of high fre- 
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quency bursts with interspikelet intervals in that 
range (range from 6.1 to 9 ms, n = 5). The mod- 
ulation of the spikelet-AP crosscorrelogram with 
similar intervals is in line with the idea that a 
large proportion of APs are driven by spikelets. 
To further test that sh-APs are driven by spikelets, 
we also performed current injection experiments 
in four neurons with spikelets in anesthetized 
animals and computed the spikelet-to-AP transfer 
ratio (the ratio of shoulder potentials to all spike- 
lets, including both isolated spikelets and the 
ones in the form of shoulder potentials). We 
observed a significant increase in the spikelet-to- 
AP transfer ratio during depolarization by current 
injection in two of these neurons (we could not 
assess the effect of current injection in a statis- 
tically meaningful way in the two remaining 
cells) (fig. S4). 

We then quantified the occurrence of sh-APs 
in CAI pyramidal cells. Sh-APs could be ob- 
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amplitudes than EPSPs. (F) Scatterplot of AP (green) and spikelet (red) 
amplitude versus maximum rising slope (dV/dt). Spikelets represent an 
independent population of events with slower rising slopes and smaller 
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Fig. 3. Spikelets drive spiking in CA1 pyramidal cells in freely moving rats. (A) Overlay of mean AP (black) 
and spikelet (red) waveforms. (B) (Top) Mean waveforms of fb-APs (green) as evoked by current injection 
and sh-APs (black, shoulder break marked by an arrow), overlaid on the right. (Bottom) Mean waveforms of 
spikelets (red) and sh-APs (black), overlaid on the right. (C) (Top) Overlay of first derivative (dV/dt) of mean 
fb-AP as evoked by current injection (green) and sh-AP (black). (Bottom) Overlay of first derivative (dV/dt) 
of mean sh-AP (black) and spikelet (red). The shoulder potential corresponds to the spikelet waveform. (D) 
Spikelet-AP crosscorrelogram for the cell shown in Fig. 2. The start time of all spikelets (including the ones 
in the form of shoulder potentials) is cross-correlated with the peak time of all APs (fb-APs and sh-APs). (E) 
Same as in (D) for all cells with spikelets (n = 10). Error bars indicate SEM. (F) Fraction of cells with spikelets 
and sh-APs. (G) Fraction of sh-APs out of all APs (fb-APs and sh-APs) for each cell with spikelets. (H) 
Fraction of spikelets that drive spiking (in the form of shoulder potentials) out of all spikelets (isolated 
spikelets and shoulder potentials) for each cell with spikelets. (I) Spikelet amplitude expressed as a 
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served in a large proportion of recordings (7 out 
of 16 cells, Fig. 3F) and in these cells represented 
a large fraction of spiking activity (mean = 65 + 
13% of all APs; Fig. 3G). Across all cells (in- 
cluding those without spikelets), we found that 
spikelets triggered 28 + 10% of the spiking ac- 
tivity of CA1 pyramidal cells in the awake 
behaving animal. As shown in Fig. 3G, the pro- 
portion of sh-APs varied greatly between cells 
with spikelets. We computed the spikelet-to-AP 


overlay dV/dt 


re transfer ratio, which represents the efficiency 
Po with which spikelets drive APs, for individual 
< cells (Fig. 3H) and observed that it could be 
e predicted in part from the amplitude of the 
Q respective spikelets (Fig. 31). Although in several 
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and which we analyzed for such place cell ac- 
tivity (23, 25). Of these, three (~40%) were 
place cells, showing spatial modulation of their 
firing rate. Figure 4 shows an example of such a 
cell where spikelet and sh-AP activity were de- 
tected. The cell showed an increase in AP firing 
rate during two successive passes through the 
same location (i.e., its place field). The frequen- 
cy of both fb-APs and spikelets was specifically 
increased in this location (Fig. 4, A and B, and 
fig. SSA). The sh-AP rate was also specifically 
increased in the same location, indicating that 
spikelet activity contributed to spiking activity 
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Fig. 4. Spatial correlates of spikelets and APs in CA1 pyramidal cells of freely 
moving rats. (A) Firing locations of isolated (nonshoulder) spikelets (left, red 
dots), fb-APs (middle, green dots), and sh-APs (right, black dots) while a rat 
was running in an O-shaped maze (inner wall not depicted; gray, trajectory of 
the animal during the recording). (B) Color-coded rate maps for the events in 
(A) (3-cm by 3-cm bins, maximum firing rate indicated below). (C) Bar graph 
of the mean spikelet frequency when the rat is outside versus inside the place 
field. Error bars indicate SEM. (D) Bar graph of the mean spikelet frequency 
when the rat is exploring (exp.) outside (out.) versus inside (in.) the place field. 
(E) Bar graph of the mean sh-AP frequency when the rat is outside versus 
inside the place field. (F) Bar graph of the mean sh-AP frequency when the rat 


is exploring (exp.) outside (out.) versus inside (in.) the place field. (G) Bar graph of the mean proportion of sh-APs (out of all APs) when the rat is exploring (exp.) 
outside (out.) versus inside (in.) the place field. (H) Bar graph of the mean spikelet-AP transfer ratio when the rat is exploring (exp.) outside (out.) versus inside 
(in.) the place field. 
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recorded inside the place field (Fig. 4, A and B). 
In two out of the three recorded place cells, AP 
and spikelet activity were spatially comodulated, 
whereas the remaining cell showed no spikelet 
activity. 

We also analyzed spiking and spikelet spatial 
modulation in four additional cells where the rat’s 
spatial exploration was sufficient (i.e., a single 
lap around the maze) for spatial modulation 
analysis but which we could not unambiguously 
classify as place cells [because of the absence of 
data across multiple laps (25)]. The AP firing rate 
was spatially modulated in all four of these cells, 
and the spikelet rate in two. Remarkably, three of 
these cells showed significant spatial comodula- 
tion of spike and spikelet rate (P < 0.05, figs. SSB 
and S6). Overall, out of six spatially modulated 
cells with spikelets (two of which were classified 
as place cells), five showed significant (P < 0.05) 
comodulation. We conclude that, like spiking 
activity, spikelet activity can be spatially modu- 
lated in CA1 pyramidal cells and that both types 
of cellular activity are spatially aligned. 

We then analyzed spikelet activity in the non— 
place-modulated cells. In these cells, the overall 
spiking activity was very low, as previously de- 
scribed (26). Interestingly, only one out of four 
non—place-modulated cells showed spikelet ac- 
tivity, and in this cell spikelet frequency was low 
(0.12 Hz). Furthermore, this cell showed no 
spatial modulation of spikelet activity. 

Further analysis was done to investigate the 
specific functional contribution of spikelets to 
in-field spiking during spatial exploration. The 
animal’s behavior was classified into periods of 
exploratory versus resting (but awake) behavior 
and separately into periods inside versus outside 
the AP firing rate field (25) for the six spatially 
modulated cells with spikelets. The mean spike- 
let firing rate was higher inside compared with 
outside the field (Fig. 4C), consistent with the 
spatial comodulation of AP and spikelet firing 
rates. This difference was preserved when con- 
sidering only periods of exploratory behavior 
(7.82 Hz inside versus 3.50 Hz outside, P < 
0.05; Fig. 4D). The in-field spikelet rate was not 
different between exploration and rest (P = 
0.53), as was also the case for the out-of-field 
rate (P = 0.98) (Fig. 4D and fig. S7A). Thus, the 
spikelet rate depends on the animal’s location 
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with respect to the AP field regardless of behavi- 
oral state. What about the sh-APs, which rep- 
resent the direct effect of spikelets on spiking? 
The mean sh-AP rate was higher inside versus 
outside the AP field (Fig. 4E), and this relation 
held during both exploration (2.86 Hz versus 
0.43 Hz, P = 0.058; Fig. 4F) and rest (fig. S7B). 
However, the proportion of all APs that was driv- 
en by spikelets was not different inside versus 
outside the field during exploration (0.45 versus 
0.42, P = 0.79, Fig. 4G) or rest (fig. S7C). In 
contrast, the spikelet-AP transfer ratio was higher 
inside versus outside the field during exploration 
(0.29 versus 0.07, P< 0.05, Fig. 4H) and similarly 
so, but by a lesser amount, during rest (fig. S7D). 
Thus, spikelets have their maximum impact on 
spiking within the place field during exploratory 
behavior. On the basis of the findings from our 
current injection experiments, we suggest that the 
increased efficacy of spikelets results from mem- 
brane potential depolarization inside the place 
field (23, 27). 

Spikelets have been observed in intracellular 
recordings of a variety of neuronal types both in 
vivo and in vitro. In the hippocampus, in vitro 
slice recordings as well as computational simu- 
lations suggest an important synchronizing role 
for spikelets during spontaneous high-frequency 
oscillations (28) and acute pharmacologically in- 
duced epileptiform activity (29-33). Here, intra- 
cellular recordings in freely behaving animals 
allowed us to assess the role of spikelet activity 
during spatial exploration. In hippocampal CA1 
pyramidal cells with spatially modulated spiking, 
the frequency of spikelets was elevated within the 
place field; however, in those cells lacking clear 
spatial modulation of spiking, spikelet as well as 
spike frequency were both low. Together with the 
observation that spikelets can powerfully influ- 
ence the spiking behavior of CA1 pyramidal 
cells, these results provide new insights into why 
hippocampal place cells fire where they fire. 
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For more than 130 years, Lilly has been dedicated 
to meeting the health care needs of people in the 
United States and around the world. We address these 
needs primarily by developing innovative medicines, 
investing a higher percentage of our sales in research 
and development than any other major pharmaceutical 
company. If you are interested in being considered for 
employment with a Best in Class pharmaceutical 
company, please review the following opportunity: 
Job LD. 50364226. Lilly seeks a RESEARCH 
SCIENTIST in Indianapolis, Indiana, for its Protein 
Optimization Team to lead enzymological studies 
for prelead through lead-optimization chemical research 
phases for the efficient production of research reagents. 
Specific duties include: lead research projects within 
established timelines and departmental parameters, 
guide project direction to meet research goals, and 
effectively analyze and summarize enzymology projects’ 
progress; oversee the design and implementation of 
research projects within our Protein Optimization 
Team and direct laboratory experiments in support 
of such projects; provide scientific results that support 
the generation of patents, regulatory submissions, and 
high-level publications; present experimental data at 
internal and external meetings; review literature, patents, 
and technologies in the field of enzymology to ensure 
that the Team stays abreast of new developments in 
the field; coordinate with cross-functional research 
groups within our Biotherapeutic Discovery area, as 
well as other groups such as Drug Disposition and 
Bioproduct Research and Development, in order to 
ensure that research projects progress as planned. 
Salary starting at $92,712 per year. Please submit 
resume to website: http: //www.lilly.com/careers 
and cite the relevant job title and job I.D. number in 
your submission. Lilly is an Equal Opportunity Employer 
that values the strength diversity brings to the workplace. 


POSTDOCTORAL OR RESEARCH 
ASSOCIATE 
University of Toronto/Seoul 
National University 


Postdoctoral or Research Associate position in neuro- 
biology of memory and pain. Available immediately 
for recent Ph.D. trained in neuroscience. Working in 
two great cities, Toronto and Seoul. Research focuses 
on basic mechanisms of synaptic plasticity and behav- 
iour. Excellent opportunity for collaboration and travel. 
Please electronically send a cover letter and curriculum 
vitae to Dr. Min Zhuo, e-mail: min.zhuo@utoronto.ca. 


POSITIONS OPEN 
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TEXAS TECH UNIVERSITY 
HEALTH SCIENCES CENTER 
Paul |. Poster School of Medicine 


ASSISTANT and ASSOCIATE PROFESSOR 
Center of Excellence in Cancer Research 

The newly created Center of Excellence in Cancer 
Research at the Paul L. Foster School of Medicine at 
EI Paso is seeking highly qualified applicants for tenure- 
track faculty positions at the Assistant and Associate Pro- 
fessor levels in the Department of Biomedical Sciences. 

Successful candidates are expected to develop an 
independently funded research program in cancer re- 
search or a related field. The positions report to the 
Director of Basic Science Research of the Center of 
Excellence in Cancer Research. 

Minimum qualifications: M.D., Ph.D., or M.D.-Ph.D. 
degree in a field related to cancer, three years of post- 
doctoral experience, and a strong publication record. 

Preferred qualifications: Candidates with experience 
in cancer research, experience using the latest technol- 
ogies, and funded grant support are particularly encour- 
aged to apply. (Only candidates with funded grant 
support will be considered for Associate Professor rank.) 

A competitive salary, startup package, and com- 
prehensive benefits are available. Interested candi- 
dates must apply online at website: http://jobs. 
texastech.edu, requisition# 80343. For further 
information, potential applicants may inquire confi- 
dentially to: Rajkumar Lakshmanaswamy Ph.D., 
e-mail: rajkumar.lakshmanaswamy@ttuhsc.edu, 
Director of Basic Science Research of the Center 
of Excellence in Cancer Research. 

The position is open until filled. Application review 
will begin immediately. 

Texas Tech University Health Sciences Center is an Equal 
Opportunity / Affirmative Action Employer. 


POSTDOCTORAL OR CLINICAL FELLOW 
to work on mechanistic studies understanding the phys- 
iological regulation of the cerebral circulation with 
respect to understanding the neurovascular unit in 
matching blood flow to neuronal metabolic activity. 

The successful candidate would be supported by an 
NIH 1T32 Training Program directed by Dr. David 
Harder, and would be affiliated with the Cardiovascular 
Research Center, Center for Translational Studies, the 
Department of Physiology, and the appropriate basic 
or clinical department related to the candidate’s training. 

Research will relate to the biochemical, ionic, genetic, 
molecular, cellular, and whole animal regulation and 
integration of neurons, astrocytes, and microvasculature 
studying mechanisms by which multiple cell types func- 
tion in an integrated manner to meet neuronal meta- 
bolic demand. Studies will also examine regulation of 
the blood-brain barrier and mechanisms of blood flow 
autoregulation. Expertise in molecular/cellular biology 
of excitable cells, patch clamp analysis of ion channel 
kinetics, in vivo and in vitro genetic manipulation, 
and whole animal physiology related to neuro- and 
vascular biology will be required. 

Training in any of the above areas will be provided if 
necessary. Studies will be translational in nature, re- 
lated to a variety of disease states. Please direct curric- 
ulum vitae and any pertinent information (a letter 
outlining career goals would be helpful, but not re- 
quired) to: 

David R. Harder, Ph.D. 
Professor of Physiology 
Kohler Company Endowed 
Professor of Cardiovascular Science 
Associate Dean for Research 
Medical College of Wisconsin 
8701 Watertown Plank Road 
Milwaukee, WI 53226 
Telephone: 414-456-5611 
Fax: 414-456-6515 
E-mail: dharder@mcw.edu 
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Arizona Biltmore | Phoenix, Arizona 


personalized 
_ medicine 
in the clinic: 


policy, legal, and ethical implications 


Bl 


This national conference with top experts will examine 
the impact of personalized medicine on the 
delivery of healthcare in the future. Conference highlights: 


patient rights 
medical privacy and confidentiality 
ethics 
individualized medical care 
economics 
liability issues for physicians 


For CLE and CME information and to register, visit 
www.law.asu.edu/personalizedmedicine2010. 
To become a conference supporter, call © 90.965.2465. 


Conference co-sponsors: 
CENTER FOR THE STUDY OF Re MAYO CLINIC i 


LAW, ‘SCIENCE, & TECHNOLOGY 


ve © 


Discover 
Research in 
Germany 


www.research-in-germany.de 


Find out about 


® Research institutions 

@ Latest research findings 

® Funding opportunities 

® Practical hints for your 
research slay 


.. and much more. 


Research in 
oe Federal Ministry Germany 
of Education 


and Research Seeeeoeuee 
Land of Ideas 


SYRACUSE UNIVERSITY 


Department of Biology 
Tenure-Track Position - Plant Molecular Biologist (025862) 


The Department of Biology invites applications for a tenure-track Assistant Professor position to be 
filled by fall 2010 (contingent upon availability of funds) in plant cell molecular biology, with 
emphasis on biofuels. The areas of research include, but are not limited to, energy storage in plants, 
cell walls, metabolic pathways, biomass, biotic and abiotic stress resistance, etc. The applicant's 
interests should augment existing Biology Department strengths (see department website 
(http://biology.syr.edu/). Candidates are expected to develop an independent, sustainable research 
program and contribute to departmental teaching at the undergraduate and graduate levels. 
Competitive salary, start-up funds and new laboratory space will be provided. 

The individual filling this position will be part of an interdisciplinary initiative in biofuels currently 
underway at Syracuse University. There will be a concurrent faculty hire in the area of biofuels by 
the Department of Biomedical and Chemical Engineering. Thus, this position offers an outstanding 
opportunity for collaboration with colleagues in Biology, Biomedical and Chemical Engineering, 
Chemistry, Physics, as well those at the State University of New York-Environmental Science & 
Forestry (http://www.esf.edu/). These two institutions (Syracuse University and SUNY-ESF) form 
one nearly contiguous campus. The Syracuse University Biology Department recently moved to the 
new 110,000 net sq. ft. Life Sciences Complex (LSC), which we share with the Department of 
Chemistry. The LSC features generous, well-appointed research laboratories designed to promote 
interaction, and the option to customize a component of research space. In addition, LSC has a 
brand new 5000 sq. ft. state-of-the-art greenhouse on the roof. 

To apply, candidates should visit www.sujobopps.com (0258620) to complete a Dean/Senior 
Executive/Faculty application form and attach a current curriculum vitae plus (1) a cover letter 
outlining the candidate's qualifications, (2) a brief statement of research interests and future goals, 
and (3) a summary of teaching experience and teaching interests as a single PDF file. We ask that 
interested candidates have at least three letters of reference sent directly either to the electronic 
address above or to the mailing address below. Please include the name, address, phone number and 
e-mail address of each of your references in your cover letter. Personal inquiries may be directed to: 

Plant Molecular Biologist Faculty Search 
Ramesh Raina, Ph.D. 
Department of Biology 
107 College Place 
Syracuse University 
Syracuse, NY 13244 
E-mail: raraina@syr.edu 
Priority will be given to full applications received prior to January 31, 2010. 


Syracuse University is an Affirmative Action/Equal Opportunity Employer. 


Tenure Track Position: Stem Cell/Tissue Engineering 
Department of Bioengineering, 
University of Washington, Seattle 


The UW Department of Bioengineering is recruiting a tenure-track faculty member 

in the area of tissue engineering and regenerative medicine. Relevant expertise 

includes, but is not limited to, adult and pluripotent stem cell biology, stem cell 

engineering, biomaterials for stem cell and tissue engineering, bioreactors, growing 
replacement tissues and whole organs, animal models of disease (including physiology and imaging), and 
drug delivery strategies to improve stem cell and tissue engineered construct performance. 


The Department of Bioengineering is a joint venture between the College of Engineering and the School 
of Medicine. The successful candidate will work within an established collaborative environment at the 
University. Further, the candidate will have the opportunity to partner with highly successful programs 
in tissue engineering and investigators in the Institute for Stem Cell and Regenerative Medicine (http: 
//depts.washington.edu/iscrm/). 


Applications are sought at Assistant, Associate and Full Professor levels, but those at the Assistant Professor 
level are particularly encouraged. Ph.D. or M.D. degrees are required, and prior post-doctoral or higher 
level experience is highly valued. The successful candidate will be expected to develop an internationally 
recognized research program and to participate in the teaching and service missions of the department. 
Scientists and engineers who apply should show evidence of excellence, originality and productivity in 
research and potential for excellent teaching. Candidates who are likely to attract strong interest from other 
departments will be particularly sought after because of the UW’s and Department of Bioengineering’s 
long tradition of collaboration across disciplinary boundaries. Candidates whose research may lead to 
improvements in clinical medicine are also of interest, and she or he will be able to take advantage of our 
active Coulter Translational Research Partnership. 


More information can be found at http://depts.washington.edu/bioe. Applications must be submitted 
electronically at http://www.engr.washington.edu/facsearch/?dept=BioE. Applicant review will begin 
January 22, 2010 and continue until the position is filled. All positions are contingent on the availability 
of funding. 


The University of Washington is building a culturally diverse faculty and strongly encourages 
applications from women, minorities, individuals with disabilities and covered veterans. Faculty 
engage in teaching, research and service. The University of Washington is the recipient of a 2006 

Alfred P. Sloan Award for Faculty Career Flexibility and a 2001 National Science Foundation 

ADVANCE Institutional Transformational Award to increase the advancement of women faculty in 
science, engineering and math. The University is an Equal Opportunity, Affirmative Action Employer. 
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The science and engineering challenges that society faces today are far more complex than those 
of 40 to 50 years ago. The best available scientific, technical, and economic information is required 
to establish priorities, make decisions, and develop best practices. AAAS manages the Science & 
Science & Technology Technology Policy Fellowships in four areas to provide the opportunity for accomplished scientists 
Policy Fellows and engineers to contribute to the federal policymaking process while learning firsthand about the 
intersection of science and policy. And this is just one of the ways that AAAS is committed to advanc- 

ing science to support a healthy and prosperous world. Join us. 


Together we can make a difference. aaas.org/plusyou/fellows n\ AAAS T U = A 


STONY 


BRAK Vice President for Research 


Stony Brook University invites nominations and applications for the position of Vice President for Research. The 
successful candidate will lead the ongoing campuswide expansion of the University’s research mission and will 
manage the research administration activities, including compliance, technology transfer, and grants administration. 


Home to many highly ranked graduate research programs, Stony Brook is located 60 miles from New York City on 
Long Island's scenic North Shore. Qur 1,000-acre campus is home to 24,000 undergraduate, graduate, and doctoral 
students and more than 15,000 faculty and staff, including those employed at Stony Brook University Medical Center, 
Suffolk County's only academic medical center and tertiary care provider. The University is a member of the presti- 
gious Association of American Universities and co-manager of nearby Brookhaven National Laboratory (BNL). 
Major resources at BNL include the Relativistic Heavy lon Collider, the National Synchrotron Light Source, and the 
Center for Functional Nanomaterials, and the New York Center for Computational Sciences. Founded in 1957, Stony 
Brook is one of the four University Centers of the State University of New York. Long Island's largest single-site 
employer, Stony Brook generates an estimated $4.7 billion annually in regional economic impact. Stony Brook 
University has three campuses: the main campus in Stony Brook, Stony Brook Manhattan, and the new Stony 

Brook Southampton campus. The main campus includes a Medical Center, a Health Sciences Center, and a 
Graduate School as well as the Colleges of Arts and Sciences, Business, and Engineering and Applied Sciences, 
and Schools of Medicine, Dental Medicine, Health Technology and Management, Journalism, Marine and 
Atmospheric Sciences, Nursing, Professional Development, and Social Welfare. 


The University of Oslo is Norway’s 
largest university with 6000 employees 
and 33000 students.We offer interesting 
career opportunities and a good work 
environment. 


Position as Department 
Head and Professor I / 
Associate Professor of 
Medicine 


es 2 The new Vice President for Research will hold a key leadership role across the entire university and report directly to 
(Clinical Molecular Biology) 


the President Dr. Samuel L. Stanley, Jr. MD. Since taking the helm 2009, President Stanley has identified the growth 
of Stony Brook's research enterprise as one of his top priorities. Primary responsibilities for the Vice President for 
Research include, but are not limited to: encouraging and facilitating excellence in research and providing leadership 
and oversight for sponsored research programs, compliance, intellectual property management, and economic 
development. Candidates should have earned a Ph.D., M.D., or the equivalent, and have a distinguished record of 
eadership in research. We seek someone with vision for the research enterprise, preferably with experience in 
research administration at the operations level and a strong relationship with government agencies and industry 


at the Department of Clinical 
Epidemiology and Molecular Biology 
(Epi-Gen), Faculty Division Akershus 
University Hospital. 


Closing date for applications: 
28.02.2010 


Reference no: 2009/16372 


nterested individuals are encouraged to visit www.stonybrook.edu/sb/vpresearch for a detailed position description 
and for information about Stony Brook University and the application and nomination procedures. 


Deadline for applications is March 15, 2010. All candidate information will be held in strict confidence. 
Qualified applicants should submit their curriculum vitae and a letter of interest to: ypresearch@notes.cc.sunysb.edu 


www.uio.no rk 


Equal Opportunity/Affirmative Action Employer. Women, people at color, individuals with disabilities, and veterans are encouraged to apply. 


Le TEXAS TECH UNIVERSITY 
rs TEXAS ‘veuR UNIVERSITY WEALTH SGreNcas CENTER 
“| Institute for Comparative 


! F >aate THE LEADING AGRICULTURAL RESEARCH INSTITUTE 
& Experimental Medicine 


IN EUROPE IS RECRUITING 62 SCIENTISTS 


Professor of Comparative Medicine 
Texas Tech University (TTU) and the Texas Tech University Health Sciences 


Center (HSC) have collaborated to form a new Institute for Comparative and 
Experimental Medicine (ICEM). This new Institute will support the One Health 
National Initiative to study and provide solutions to human and animal health 
concerns. The institute will recruit a number of new faculty, assign and remodel 
new space suited to this line of research, and provide competitive start up 
funds in areas of comparative medicine including, but not limited to: * Infec- 
tious disease, vaccine development, immunology, or allergy * Inflammation ¢ 
Bone health * Cardiovascular health * Diabetes and Obesity * Neuroscience * 
Imaging and Image Processing * Addiction * Cancer * Biomedical Engineer- 
ing * Genomics and Metabolomics * Bioinformatics, Modeling and Advanced 
Biomedical Computing * Basic, translational and clinical studies 


Collaboration with existing and newly hired ICEM faculty members in both 
computational and experimental research and interaction in a team environ- 
ment are expected. Funds are available to remodel and equip shell space in our 
Experimental Sciences Building (ESB) for faculty who will be affiliated with 
TTU. Opportunities exist to collaborate on human clinical studies in the Texas 
Tech System. New faculty hires will have current competitive grant funding and 
a distinguished record of research productivity. Graduate teaching and advising 
are expected in areas of interest to the faculty. Service to the institutions and the 
profession are important aspects of successful faculty candidates. The primary 
appointment may be in any academic department at either institution. The level 
of academic appointment is open to all ranks though there is a preference for 
positions at the Associate/Full Professor level. 


Applicants must submit a letter of interest expressing their vision for research 
contributions and interactions, graduate education goals, a complete resume/CV, 
the names of five references, and start-up requirements to: Institute for Com- 
parative and Experimental Medicine, Texas Tech University, Experimental 
Sciences Building, Lubbock, TX 79409-3132. For more information visit 
http://www.icem.ttu.edu. Applications should be submitted to icem@ttu.edu. 
These positions shall remain open until filled. 


Texas Tech University System is an Equal Opportunity Institution. 


orc.fr : création INRA. 


Applications from 19 January to 26 February 2010 
Information: www.international.inra.fr 
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Entry Point! 
Students with Disabilities 


ub} =| 


AAAS > Ne g¢ 


To meet the challenge of the competitive economy in the new millennium, private industry and 
government research agencies must expand the pool of technical talent. AAAS started Entry 
Point!, a program that offers students with disabilities competitive internship opportunities 
in science, engineering, mathematics, computer science, and some fields of business. 
And this is just one of the ways that AAAS is committed to advancing science to support a 
healthy and prosperous world. Join us. Together we 


can make a difference. aaas.org/plusyou/entrypoint WN AAAS + U AN 


THE UNIVERSITY 
OF CHICAGO 


The University of Chicago’s Institute for 
Biophysical Dynamics, an interdisciplinary 
research institute at the interface of the phys- 
ical and biological sciences, invites applic- 
ations for the Institute’s Yen Fellowship. This 
fellowship is for recent Ph.D. graduates and 
seeks to support outstanding individuals to 
undertake interdisciplinary research in the 
area of subcellular transport of macromolec- 
ules, using a combination of biophysical, 
genetic, computational, biochemical and cell 
biological tools. Yen Fellows are given con- 
siderable latitude in defining their research 
direction and will conduct their research in the 
laboratories of Institute faculty. A description 
of the Institute faculty and their research in- 
terests can be found at http://ibd.uchicago.edu/ 
directory.shtmL. 


We encourage applicants to contact Institute 
faculty directly about potential projects. 
Applicants should send their curriculum vitae, 
three reference letters and a short research 
proposal to jfeder@uchicago.edu. Review of 
applications will start on 15 January 2010. 


The University of Chicago is an Affirmative 
Action/Equal Opportunity Employer. 


Immunotherapy Tenure Track 
Faculty Positions 


Texas Tech University Health Sciences Center 
Abilene, Texas 


Applications are requested for two tenure track faculty posi- 
tions at the Assistant Professor, Associate Professor, or Professor 
levels within the newly established Center for Immunotherapeutic 
Research, in the Department of Biomedical Sciences at Texas Tech 
University Health Sciences Center School of Pharmacy, Abilene, 
Texas. Successful candidates are expected to develop and maintain 
funded research program in immunology/immunotherapy and to 
teach in graduate (Ph.D.) and professional (Pharm.D.) courses 
and collaborate with other researchers within the Center and Uni- 
versity. Candidates should have a Ph.D. and postdoctoral training 
in immunology, immunotherapy, or related discipline. Preference 


will be given to candidates with established research programs in 
translational/clinical immunology and immunotherapy, especially in 
personalized cancer immunotherapy. Nationally competitive salary 
and startup packages are available. 


Interested applicants should submit documents online at http: 
//jobs.texastech.edu (Job Requisition #76713 or 77313). Please 
include a curriculum vitae, a summary of research and teaching 
interests, and names and addresses of three references. For ques- 
tions, contact the search committee chair, Dr. Jon Weidanz, Texas 
Tech University HSC, School of Pharmacy, 1718 Pine, Abilene, 
TX 79601. Email: jon.weidanz@ttuhsc.edu. These positions will 
remain open until suitable candidates are identified. 


TTUHSC is an Equal Opportunity/Affirmative Action Institution. 
Minorities and Women are encouraged to apply. 


HARVARD UNIVERSITY 
Assistant/Associate Professors 
Department of Genetics and Complex Diseases 


The Department of Genetics and Complex Diseases (GCD) at the Harvard School of Public 
Health (HSPH) invites applications for tenure-track positions at the level of assistant professor. 
Exceptional associate professor candidates will also be considered. Successful applicants will 
hold a PhD and/or MD degree and will have a record of outstanding productivity. Individu- 
als are sought particularly in the following areas to complement the existing research and 
training goals of the department: signal transduction related to energy and nutrient sensing 
pathways, regulation of metabolic homeostasis, inflammatory and stress response pathways 
related to chronic metabolic diseases and aging, cancer metabolism, and epigenetic regula- 
tion of metabolism. Individuals using systems and/or computational approaches applied at a 
mechanistic level to problems of metabolic homeostasis, gene-environment interactions and/or 
adaptive responses are also encouraged to apply. The candidate should possess the ability 
to work collaboratively with other scientists and the scholarly qualities required to mentor 
doctoral students in the graduate program in the Division of Biological Sciences. Generous 
start-up packages and state-of-the-art research facilities are available. 


Please send a letter of application, including a statement of current and future research interests, 
curriculum vitae, sample publications, and the names of four references to the following address. 
Applicants should ask their four references to write independently to this address: 


Chair, GCD Search, c/o Audrey Harmon 
Department of Genetics & Complex Diseases 
Harvard School of Public Health 
655 Huntington Avenue, Building II, 113 
Boston, MA 02115 
gcddept@hsph.harvard.edu 


The Harvard School of Public Health is committed to increasing the representation of 
women and minorities in its faculty, and encourages applications from such candidates. 


El] 


> OXFORD 


Wwww.ox.ac.uk/jobs 


Directorship of the Oxford 
University Museum of 


Natural History 
in association with Kellogg College 


The University of Oxford intends to make an appointment to the 
Directorship of the Oxford University Museum of Natural History from 
1 October 2010, or as soon as possible thereafter, in succession 
to Professor W.J. Kennedy who retires on 30 September 2010. 
The primary role of the Director is to lead the development of the 
museum’s research, stewardship, curation, educational, access, 
and fundraising profiles. A major challenge for the Director will be 
to sustain the collections at the centre of the University’s teaching 
and research at the same time as maintaining the museum's 
commitment to public education. The successful candidate will have 
an international research reputation in any area of life sciences 
or earth sciences relevant to the museum’s role and collections. 
Experience of fundraising, collections management, and education/ 
outreach activities would be desirable. 


Please see the further particulars at www.admin.ox.ac.uk/fp/ for 
more details about the post and for full instructions before making 
an application. Applications, including a covering letter and full CV, 
and naming three referees should be received no later than Monday 
22 March 2010, by Dr Gwen Booth, Personnel Officer, Senior 
Appointments at: professorships@admin.ox.ac.uk If you have a 
query about how to apply, please contact Mrs Elaine Eastgate at: 
professorships@admin.ox.ac.uk or telephone: +44 (0) 1865 280189. 


Committed to equality and valuing diversity 


online @sciencecareers.org 
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A country devastated by genocide and a crippling AIDS epidemic. Together with the Rwandan Ministry of Education, 
AAAS, the world’s largest multidisciplinary scientific society and publisher of Science magazine, is working to ensure 

Rwanda that local children gain skills in science, technology, math, and engineering. And this is just one of the ways that 
AAAS is committed to advancing science to support a healthy and prosperous 


world. Join us. Together we can make a difference. aaas.org/plusyou/rwanda WN AAAS aU U = A 


Me CASE WESTERN RESERVE 
a} UNIVERSITY 


SCHOOL OF MEDICINE 


Full/Associate/Assistant Professor Case Western Reserve 
University School of Medicine 


Case Center for Proteomics and Bioinformatics and 
Department of Molecular Biology and Microbiology 


The Center for Proteomics and Bioinformatics and Department of Molecular 
Biology and Microbiology in the School of Medicine at Case Western Reserve 
University invite applications for an open tenure-track faculty position at the 
Full, Associate or Assistant Professor level. The successful candidate will estab- 
lish a vigorous research program, participate in teaching activities, and interact 
productively with the strong team of basic and clinical scientists interested in 
the overall areas of HIV/AIDS and host-pathogen interactions, and drug abuse 
in the context of HIV/AIDS at our institution. We are especially interested in 
candidates who are undertaking epigenetic, proteomic, systems biology, and/or 
bioinformatics studies of HIV/AIDS. In addition to newly refurbished laboratory 
space and generous start-up packages, we offer a highly interactive environment 
with exceptional intellectual, infrastructural, and administrative support. The 
candidate will be an active participant in the expansion of HIV/AIDS research 
conducted by the Center for Proteomics and Bioinformatics and the Center for 
AIDS Research. The successful candidate will receive a primary appointment 
in either the Center for Proteomics and Bioinformatics or the Department of 
Molecular Biology and Microbiology and a secondary appointment in the col- 
laborating department, depending on the candidate’s research focus. All candi- 
dates should have a Ph.D. and relevant post-doctoral experience. Candidates for 
the rank of associate professor or above must have a record of funding, active 
research program and a national reputation. Rank commensurate with experi- 
ence. Interested candidates should apply by February 28, 2010 by sending a 
cv, a plan of research, and the names of 3 references to: Joan Schenkel, Case 
Center for Proteomics and Bioinformatics, CWRU, 10900 Euclid Ave, 
Cleveland, OH 44106-4988 or joan.schenkel@case.edu. 


In employment as in education, Case Western Reserve University is commit- 

ted to Equal Opportunity and World Class Diversity. Case is a recipient of a 

National Science Foundation ADVANCE Institutional Transformation Grant 
to increase the participation of women in Science and Engineering. 


University of Connecticut 
Department of Physiology 


ri and Neurobiology 


Applications are invited for a tenure track faculty position at the Assistant 
Professor level in Bioinformatics and Systems Biology. We seek individuals 
who will establish an outstanding research program using systems and genom- 
ics approaches to the study of complex neural and physiological questions. 
The successful candidate will receive dedicated laboratory space in a newly 
constructed building and a start-up package to establish an active independent 
research program. This individual is expected to develop collaborations within 
the Department of Physiology and Neurobiology as well as other programs 
such as the University of Connecticut Stem Cell Institute and the Center for 
Regenerative Biology. 


The candidate’s primary academic appointment, laboratory and teaching respon- 
sibilities will be within the Department of Physiology and Neurobiology at the 
main campus in Storrs, CT. The University of Connecticut is a Research I public 
university and has campuses at Avery Point, Hartford, Stamford, Torrington, 
Waterbury and West Hartford. 


Minimum Qualifications: Ph.D. or M.D. in related field and have completed 
at least two years of postdoctoral training. 


Preferred Qualifications: We encourage applicants with a research focus on 
bioinformatics and collection, management, integration and analyses of large 
datasets with particular emphasis on physiology and neurobiology. The pre- 
ferred candidate will demonstrate an ability to provide leadership in developing 
pedagogical techniques designed to meet the needs of diverse learning styles. 


Review of applications will begin immediately with preference given to 
those received before March 15, 2010. Applications should be submitted 
electronically as a single PDF document containing the following informa- 
tion: curriculum vitae, a brief summary of current research with a statement 
of research directions, a statement of teaching interests, and the names of at 
least three referees to: Andrew.Moiseff@uconn.edu, Andrew Moiseff, Chair, 
PNB Bioinformatics and Systems Biology Search Committee, UConn PNB, 
Box U-3156, 75 North Eagleville Road, Storrs, CT 06269-3156, (Search 
#2010 233). 


An Equal Opportunity Employer. 
Minority and women scientists are especially encouraged to apply. 


CASE WESTERN RESERVE 
UNIVERS ITT 
SCHOOL OF MEDICINE 


Associate Professor 
Case Center for Proteomics and Bioinformatics 


The Center for Proteomics and Bioinformatics in the School of Medicine 
at Case Western Reserve University invites applications for a tenure track 
faculty position at the Associate Professor level. The areas of research 
interest are any areas in sequence based or structural bioinformatics for 
nucleic acids or proteins. Candidates interested in translational approaches, 
such as biomarker discovery or drug design, are also encouraged to apply. 
The candidate will also have the opportunity to collaborate with other 
Medical School faculty in a large number of NIH funded center and 
program project grants affiliated with the Center. These funded programs 
emphasize research in protein-protein interaction networks, integration 
of genomics and proteomics data, and high-throughput structure model- 
ing, using a variety of methods. Overall, the candidate will be an active 
participant in shaping the expansion of bioinformatics and/or macromo- 
lecular structure programs of the Center. Candidates should have a Ph.D. 
and relevant academic or industrial experience suitable for appointment 
at an Associate Professor level. 


Interested candidates should apply by February 28, 2010 by sending a cv 
including funded grants, a plan of research and teaching, and the names 
of 3 references to: Joan Schenkel, Case Center for Proteomics and 
Bioinformatics, CWRU, 10900 Euclid Ave, Cleveland, OH 44106-4988 
or joan.schenkel@case.edu. 


In employment as in education, Case Western Reserve University is 
committed to Equal Opportunity and World Class Diversity. Case is 
a recipient of a National Science Foundation ADVANCE Institutional 
Transformation Grant to increase the participation of women in 
Science and Engineering. 


Neutron Sciences Directorate at Oak Ridge National 
Laboratory invites applications for an Extended Q-Range 
Small-Angle Neutron Scattering (EQ-SANS) Instrument 
Scientist. 


The successful candidate will be a team member providing 
operational support for the new EQ-SANS instrument at 
the Spallation Neutron Source and developing a vigorous 
scientific program associated with the instrument. 


An extensive record of research accomplishments using 
small angle neutron and/or x-ray scattering is required. 

A Ph.D, and a minimum of 10 years of experience as a 
research scientist in material science, physics, chemistry, 
or related fields (or equivalent combination of training and 
experience) are also required. 


For more information about the position or to apply visit: 
http://jobs.ornl,gov/neutron_science.shtm! 


@ Us OePAeTwENT OF 


Office of Scionce 


RIDGE 


National Laboratory 


L 
~ 
— 
i 
= 
— 
ie 
oe 
bis 
z 
a 
fad 
= 
oe 
—e 
ae 
Be 
= 
es 
‘i 
[aie 


l 7 
SCIE NCES 


Historically Black Colleges and Universities (HBCUs) increase the number of underrepresented ethnic 

minorities qualified for education and research in science, technology, engineering, and mathematics 

HBCU-UP National (STEM). AAAS partners with NSF to host a national gathering that highlights undergraduate student 
Research Conference research to enhance the quality of STEM education. And this is just one of the ways that AAAS is committed 


to advancing science to support a healthy and prosperous world. n\ 
Join us. Together we can make a difference. aaas.org/plusyou/hbcuup / AAAS ZS U a vAN 


CONFERENCE 
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MOLECULES OF LIFE 


Welcome to FEBS 2010, jointly organised by the 
Swedish Society for Biochemistry and Molecular 


Biology and the Norwegian Biochemical Society 


June 26—July 1, 2010 * Gothenburg, Sweden « at Gothenburg Convention Centre (Svenska Mdssan) 


Programme highlights 


Nobel Laureate Roger Tsien (UCSD; Nobel Prize 2008) 
lectures: 
Elizabeth Blackburn (UCSF; Nobel Prize 2009) 
John Walker (MRC-MBU; Nobel Prize 1997) 
Juleen Zierath (Karolinska Institute) 

Harald Stenmark (Norwegian Radium Hospital) 
Svante Padbo (MPI Leipzig) 

Uri Alon (Weizmann Institute) 

Susan Lindquist (Whitehead Institute) 


Datta lecture: 
Krebs lecture: 
Bucher lecture: 
EMBO lecture: 
IUBMB lecture: 


Congress symposia 

A - Molecules in Health and Disease 
B - Molecular Networks 

C - Molecules at Work 

D - Cellular Compartments 

E - Biomolecular Design and Function 


Important dates 


Early registration 

Deadline for support application 
Abstract deadline 

Congress starts 


February 26, 2010 
February 26, 2010 
March 31, 2010 

June 26, 2010 at 17.00 


Venki Ramakrishnan (MRC-LMB; Nobel Prize 2009) 


YOUNG SCIENTIST FORUM 
LIFE OF MOLECULES 
June 23-26 2010 Gothenburg 


Workshops on technology developments 


- Protein interactions 
- Molecular imaging 
- Protein expression 
- Lipidomics 

- Network modelling 
- Bioinformatics 


- Sequencing technology 
- Proteomics technologies 
» Metabolomics 

- Protein structures 

- Life imaging 

- Dynamic modelling 


Activities by FEBS committees 
and working groups 

- Science & Society 

- Education 

- Women in Science 


www.febs2010.org 


Assistant 
professor/ 
gieeeerme | Research 
Associate in 
Molecular 


Systems Biology 


at the Department of Cell 
and Molecular Biology. 


The research area ranges from 
experimental biophysics with 
applications in living cells to 
theoretical approaches for intra- 
cellular kinetics. 


For further information about the 
position, please contact Johan Elf, 
phone +46 18 471 4678, e-mail 
johan.elf@icm.uu.se. 


A full advertisement will be found at 
www.uu.se/job. 

Reference number is UFV-PA 
2009/3303. 


Wwww.uu.se 


CONFERENCE 


4" L INTERNATIONAL PARTNERING CONFERENCE 


BiO-EvuRoPeE 
SPRING 2010 


March 8-10, 2010 
Barcelona, Spain 
www.ebdgroup.com/bes 


BlO-Europe Spring brings together companies 
from across the biotechnology value chain 
in a forum specifically designed to facilitate 
partnering. 


Join your colleagues for three days of shared 
insights and productive partnering — all in one 
place! 


online @sciencecareers.org 
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POSITIONS OPEN 


FACULTY POSITIONS 


in Molecular Cancer Research 


The Department of Biochemistry and Molecular Bi- 
ology at The George Washington University Medical 
Center invites applications for tenure-track ASSIST- 
ANT/ASSOCIATE PROFESSORS. We seek out- 
standing candidates with demonstrated excellence in 
cancer research. Areas of research interest include nu- 
clear and growth factor receptors, signal transduction, 
transcription, and chromatin remodeling. The Med- 
ical Center is located on the main campus of The George 
Washington University. The presence of basic and ap- 
plied science departments and the proximity of the 
NIH, Children’s National Research Institute, and other 
medical centers in the Washington, D.C., metropolitan 
area offers ample opportunities for collaborations. The 
GW University will provide a competitive startup pack- 
age to successful candidates. Basic qualifications: Ap- 
plicants must hold a Ph.D. and/or M.D. degree in an 
appropriate discipline and shall have extramural funding 
for consideration of Associate Professorship. 

Application process: Interested applicants must send 
a complete curriculum vitae, a statement of current and 
future research interests (limited to three pages), and 
the names and addresses of three references to: Rakesh 
Kumar, Ph.D., Professor and Chair, Department of 
Biochemistry and Molecular Biology, Faculty Search, 
The George Washington University Medical Center, 
Suite 530, 2300 Eye Street N.W., Washington, DC 
20037. Or via e-mail: bemrag@gwumc.edu. Review 
of applications by the Search Committee will continue 
until positions are filled. Only complete applications 
will be considered. 

The George Washington University is an Affirmative Action/ 
Equal Opportunity Employer. 


LEAD INSTRUCTOR AND DIRECTOR OF 
LABORATORIES 


The Kenyon College Biology Department seeks 
applicants with broad training in biological sciences 
for a nontenure-track, continuing full-time position 
as Lead Instructor and Director of Introductory 
Laboratories. The Lead Instructor has overall re- 
sponsibility for An Introduction to Experimental Biol- 
ogy (biology 109-110), a yearlong, stand-alone 
introductory laboratory course with an emphasis on 
experimental design, data analysis, and scientific writing. 

Responsibilities include teaching two sections of 
the course per semester, coordinating and organiz- 
ing instructional materials for all sections of the 
course, developing and implementing course curric- 
ulum with input from fellow faculty, managing course 
enrollments, and supervising student teaching assist- 
ants. Strong organizational skills, creativity, and a com- 
mitment to working closely with students and faculty 
colleagues on a residential campus are important qual- 
ifications. Master’s in biology is required; Ph.D. and/or 
teaching experience preferred. This is a nine-month 
position. Please visit website: http://biology.kenyon. 
edu for more information. 

To apply, please go to website: https://employment. 
kenyon.edu. A completed application will include: cover 
letter, curriculum vitae, contact information for three 
references, and a statement of teaching philosophy. 
Review of applications will begin February 15, 2010, 
and continue until the position is filled. 


POSTDOCTORAL POSITION 


Cancer Research 


The laboratory of Gary Kruh at University of Illinois 
at Chicago Cancer Center is seeking a highly motivated 
Postdoctoral Fellow with a Ph.D. and more than four 
years in biochemistry, molecular biology, or closely 
related biological sciences to conduct cancer research. 
Experience in molecular genetic techniques and cell cul- 
ture systems is desirable. Send resume, cover letter with a 
statement of research interests, and names of three refer- 
ences by February 15, 2010, to: Ms. Dorothy Sholeen- 
Modrzyk, UIC Cancer Center MC 700, 914 South 
Wood Street, Chicago, IL 60612. Or e-mail: cancer@ 
uic.edu. UIC is an Affirmative Action/Equal Opportunity 
Employer. 
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POSITIONS OPEN 
QUANTITATIVE DISEASE ECOLOGIST 


The Department of Biology and the Emerging Path- 
ogens Institute (EPI), University of Florida, seek a 
tenure-track FACULTY MEMBER working on emerg- 
ing infectious diseases. The position is open in rank. We 
seek applicants with strong quantitative skills who can 
advance our understanding of the dynamics and con- 
trol of emerging infectious diseases. Broad experience 
with mathematical and computational models of emerg- 
ing pathogens of humans, animals, or plants is highly 
desirable, as is a demonstrable ability to work in a multi- 
disciplinary environment. The primary appointment 
will be in the Department of Biology, and some teach- 
ing will be required, but the position is expected to 
emphasize scientific research, and the successful candi- 
date is expected to establish a strong, externally funded 
research program. The Department of Biology fosters 
a collegial, collaborative, interdisciplinary environment 
with strong ties to EPI, the Florida Museum of Natural 
History, the UF Genetics Institute, and other UF cen- 
ters in biomedical, veterinary, environmental, and agri- 
cultural sciences. For more information and to submit 
an electronic application consisting of a cover letter, 
curriculum vitae, statements of research and teaching 
interests, three reprints, and names of three references, 
please go to website: http://www.biology.ufl.edu/ 
Administration/Jobs.aspx. Ph.D. or equivalent in a 
relevant discipline is required; postdoctoral research 
experience is preferred. Review of applications will begin 
on March 1, 2010, and will continue until the position 
is filled. The selection process will be conducted under Florida’s 
Government in the Sunshine and Public Records laws. Our 
Department is committed to diversity as a component of excel- 
lence. Women, minorities, and members of other underrepresented 
groups are encouraged to apply. The University of Florida is an 
Equal Opportunity Institution. 


FACULTY POSITION IN IMMUNOLOGY 
Boston University School of Medicine 


The Department of Microbiology (website: 
http://www.bumce.bu.edu/microbiology) is 
seeking outstanding investigators with an innovative 
record in research for an immunology faculty position(s). 
Applications in all areas of immunology will be 
considered, but investigators specializing in basic 
aspects of adaptive immune responses or the immu- 
nology of infectious diseases are especially encouraged 
to apply. Candidates appropriate for any faculty level 
position will be considered. 

Interested individuals should submit their curricu- 
lum vitae, summary of research accomplishments, 
future research plans, and the names of at least three 
references to e-mail: kfurness@bu.edu no later than 
March 1, 2010. 

Boston University School of Medicine is an Equal Opportunity/ 
Affirmative Action Employer. 


Get your 
career questions 


answered. 
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From the journal Science 


www.ScienceCareers.org 


POSITIONS OPEN 


POSTDOCTORAL POSITIONS 
Viruses, Telomeres, and Drug Discovery 
The Wistar Institute 


Positions for Postdoctoral trainees are available in 
several areas, both in mammalian cells and human 
tumor-associated viruses. 

(1) Telomere and cell growth regulation by telo- 
meric repeat-containing RNA. The role of noncoding 
telomere RNA in regulating telomere chromatin and 
cell growth (Mol. Cell 35,4:403-413, 2009; Cell Cycle 
9,1:69-74, 2010). 

(2) Viral and cellular genome maintenance. Mech- 
anisms regulating genome stability and chromosome 
organization, including factors controlling chroma- 
tin insulators and origins of DNA replication (J. Virol. 
2009a, 2009b, 2009c; EMBO J. 2008). 

(3) Small molecule inhibitors of latent viral infec- 
tion. Identification of natural and synthetic inhibitors 
of viral regulatory proteins at the newly established 
Center for Chemical Biology and Translational Medicine 
at Wistar Institute. 

Applicants should have a Ph.D. and experience in 
molecular biology, virology, and/or biochemistry. 
Highly competitive salary and benefits package. Forward 
curriculum vitae to: Paul M. Lieberman, Ph.D., Gene 
Expression and Regulation Program, The Wistar 
Institute, 3601 Spruce Street, Philadelphia, PA 
19104. E-mail: lieberman@wistar.org. 


POSTDOCTORAL POSITION available in the 
laboratory of Dr. Venigalla Rao, Biology Department, 
The Catholic University of America, Washington, D.C., 
to work on developing immunogens for HIV vaccine 
formulations (website: http: //faculty.cua.edu/rao/). 
Research involves bacteriophage T4 assembly, recom- 
binant DNA construction, protein purification, and 
mutagenesis. Candidate will have Ph.D. in biological 
sciences and strong background in molecular biolo- 
gy and biochemistry. Electronically send curriculum 
vitae and names of three references to e-mail: rao@ 
cua.edu. Catholic University is an Equal Opportunity Employer. 


We 
deliver 
customized 
job alerts 


and more... 


Science Careers 


www.ScienceCareers.org 


MARKETPLACE 


Promab Biotechnologies Inc. 


Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 


www.promab.com info@promab.com 
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At Pittcon, | was able 
to meet face-to-face with 
the people | needed to see. 


$ .. “This was my first Pittcon and it was a memorable event. 
Every thing is mone pl ace It proved ‘abe a great opportunity to meet one-on-one with 
“You can find what you need scientifically in the researchers and companies about GreenCentre Canada, and 
technical program, and in the exposition, you can | was able to connect with new people who will certainly 
find interesting new apparatus. Pittcon is a very good become professional colleagues in the future. For anyone 
meeting place for analytical scientists—so you'll also looking to network with industry and academia from around 
find interesting colleagues from all over the world.” the world for an entire week, Pittcon is the place to be.” 
| Professor of Technical Analytical | Analyst, Commercial Development, 
Chemistry, Lund University, Sweden PARTEQ Innovations 


At first, it was like 
entering a new universe. 


“It really is the biggest event in the instrumentation field. It took a little while 
to find my way, but it was a good opportunity to learn about new theoretical 
subjects during seminars, and to see practical applications on the exhibition 
area. My lab presented a poster on a new instrument we developed, and we 
had many opportunities to share ideas with other researchers.” 


6 6 | Maitre de Recherche, 
Ecole Nationale Supérieure des Mines, Saint Etienne 


Write your own Pittcon story. 
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